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This thesis addresses autonomic nervous system function in a (pre)adolescent 
population cohort. There has been wide interest in the identification of biological 
correlates of behavioral characteristics over the past decades. Behavioral features are 
known to be influenced by a complex interplay between both environmental and 
genetic factors, which may be reflected in autonomic nervous system functioning. 
Studying the relationship between autonomic function and behavioral characteristics 
may therefore further our understanding of the etiology of behavioral functioning. 
Measures such as heart rate (HR), heart rate variability (HRV), and baroreflex 
sensitivity [BRS; a measure of the quality of short-term blood pressure (BP) control] 
are important indicators of autonomic nervous system function that have been found 
to be associated with a variety of psychosocial variables. However, findings are still 
inconsistent, which may be partly explained by the use of small, non-representative 
samples. So far, studies on the relationship between autonomic function and 
behavioral characteristics have rarely been conducted in large population samples.           
In the present set of studies, we investigated autonomic nervous system 
function in relationship to three important areas of functioning in a large 
(pre)adolescent population cohort. The first study regards the demographic 
determinants age and gender in addition to the general health indices body mass 
index and physical activity in relation to autonomic function. This is followed by two 
studies concerning the relationship between autonomic nervous system function and 
temperament and psychopathology, respectively. Finally, we describe the short-
term reproducibility of various important autonomic function measures in a smaller 
sample of (pre)adolescents.  
 Before turning to the different studies of this thesis, this chapter provides a 
short introduction of the study objectives and methods, followed by an outline of 
this thesis. More detailed information about the function and structure of the 
autonomic nervous system, as well as the autonomic measures relevant to our 





Baroreflex sensitivity in relation to demographic and general 
health determinants 
This first study focused exclusively on BRS, a relatively novel and sophisticated 
integrated measure of both sympathetic and parasympathetic autonomic function. 
While a considerable number of studies on normal HRV in healthy children is 
available (e.g., Finley et al. 1987, Massin & von Bernuth 1997, Urbina et al. 1998) 
large studies on normal BRS values and determinants of spontaneous BRS in 
children and adolescents from the general population are lacking. To better 
understand pathophysiological processes, knowledge of normal functions in 
apparently healthy individuals is a prerequisite. Therefore, the possible association of 
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gender, age, pubertal stage, body mass index, and physical activity with baroreflex 
function in children is described in chapter 2, as studied in a large, population-based 
cohort of 10-to-13-year-old (pre)adolescents. In addition to measurements in the 
supine and standing positions, difference scores between both were calculated.  
 Based on the literature, we expected a negative association of BRS with age 
and pubertal stage, although the age range studied was quite small. Also based on 
studies in adults, we hypothesized BRS to be negatively related to female gender 
(Beske et al. 2001,  Laitinen et al. 1998) and obesity (Emdin et al. 2001). Given the 
increasing number of children with obesity, this factor might be of particular interest 
as a potential risk factor for autonomic dysfunction.  
 
Autonomic nervous system in relation to temperament and 
psychopathology 
In general, temperament refers to individual differences in overt behavior, emotion, 
and motivational styles. In the literature, little agreement exists as to what exactly is 
temperament, thus many definitions of temperament are available. For example, 
Rothbart & Derryberry (1981) think of temperament as reflecting individual 
differences in behavioral regulation, reactivity, affectivity, and motivation. Also well-
known is the personality theory of Eysenck, who described three main personality 
factors, i.e., neuroticism, extraversion, and psychoticism (Eysenck 1967).  
In the present thesis, we use two common dimensions underlying 
temperament that may be distinguished: activation (approach) and inhibition 
(avoidance) (Elliot & Thrash 2002). Temperamental activation refers to an 
approaching and disinhibited behavioral style, motivated by positive feelings and 
sensitivities to reward and pleasure (Gray 1991). Examples of related personality 
constructs are stimulation-seeking, extraversion, and positive affectivity (Carver & 
White 1994, Elliot & Thrash 2002, Ravaja 2004). Temperamental inhibition, on the 
other hand, comprises avoidant behaviors and withdrawal responses guided by 
feelings of anxiety (Gray 1991). Personality constructs related to temperamental 
inhibition include shyness, introversion, and negative affectivity (Elliot & Thrash 
2002, Kagan et al. 1988, Ravaja 2004).  
The distinction between the concepts temperament and personality is 
considerably vague and many authors use both terms interchangeably. In an attempt 
to distinguish both concepts, it has been argued that temperament refers to stable 
patterns beginning early in life, whereas personality is shaped in later periods of 
development and is influenced by the social environment (Strelau 1994). A 
relationship between temperament and autonomic function is conceivable, given 
that temperament is considered to be an inherited behavioral disposition with an 
underlying neurobiological basis: individual differences in temperament are thought 
to parallel individual differences in neurobiology (Strelau 1994).   
Whereas temperament concerns potentially normal, adaptive psychosocial 
functioning, psychopathology refers to abnormality. Psychopathology may be 
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manifested in different kinds of behavioral and emotional problems, such as 
aggression, rule-breaking behavior, anxiety, depression, attention and social 
problems, or somatic complaints.  
In this thesis, we focused on two primary broad-band dimensions of 
internalizing and externalizing behavior which are thought to underlie 
psychopathology in children and adolescents (Achenbach 1978, Krueger et al. 
1998). Children with internalizing behaviors are characterized by withdrawal from 
the external world (e.g., anxious and depressive symptoms, somatic complaints), 
while children with externalizing behaviors can be portrayed as moving to the 
outside world (e.g., aggression, delinquency) (Krueger et al. 1998).  
An extensive literature has suggested an association not only between 
temperament and autonomic nervous system functioning (e.g., Garcia Coll et al. 
1984, Kagan et al. 1988, Raine et al. 1997, Richards & Cameron 1989, Scarpa et al. 
1997), but also between psychopathology and autonomic nervous system measures 
(e.g., Allen et al. 2000, Mezzacappa et al. 1997, Monk et al. 2001, Ortiz & Raine 
2004, Rubin et al. 1997, Virtanen et al. 2003, Watkins et al. 1999), in adults as well 
as in children and adolescents. The available findings with regard to temperament 
and psychopathology have been reviewed in the introductory sections of chapter 4 
and 5, respectively.  
A theoretical framework to interpret the findings may be found in arousal 
theory. According to this, individuals with lower physiological arousal would be likely 
to engage in risk-taking or rule-breaking behavior in order to increase their arousal 
level to a physiologically more pleasant one (Eysenck 1997, Raine 2002, Zuckerman 
1990).  In contrast, persons with high physiological arousal would tend to avoid such 
behaviors and would be inclined to behavioral withdrawal and inhibition. Although 
the concept of arousal does not specifically refer to underlying brain structures or 
processes, underarousal and overarousal may be reflected in a decreased and an 
increased HR, respectively.  
 Another influential theory is Porges’ vagal brake hypothesis (Porges 1995, 
1996) which states, in short, that increased vagal activity is associated with ‘healthy 
psychological functioning’. He pointed to the regulatory function of vagal activity 
serving as a “brake” to promote physiological flexibility and adaptability to meet 
environmental demands, which would also be reflected in behavioral parameters, 
such as increased openness to new experiences, emotional expressivity, and social 
skills (Porges et al. 1994). A low level of vagal activity may, in contrast, be associated 
with abnormal psychological functioning (Beauchaine 2001, Thayer & Brosschot 
2005).    
   Even when some of the literature on the relationship between autonomic 
and behavioral parameters is in line with the arousal theory and Porges’ vagal brake 
hypothesis, this field of research is characterized by many inconsistencies, perhaps 
partially explained by small and non-representative samples. In addition, literature is 
sparse regarding certain relationships, for instance, between temperamental 
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activation and HR, and between both externalizing and internalizing problems and 
vagal activity. Also, to our knowledge, only one other pediatric study has reported 
on the association between behavior and BRS (Allen et al. 2000). Furthermore, the 
role of behavioral and emotional problems that were reported to be already present 
early in life has rarely been studied in association with autonomic function. Finally, a 
few previous studies have suggested an association between orthostatic stress-
induced autonomic reactivity and psychopathology (Mezzacappa et al. 1997, Stein 
et al. 1992, Yeragani et al. 1991). However, the relevance of this physical stressor 
to temperament and psychopathology is not yet clear. We aimed to address this by 
conducting the studies described in chapter 4 and 5, concerning the relationship of 
various autonomic measures with temperament and broadband psychopathology 
dimensions, respectively.      
 Overall, we expected different autonomic patterns to be associated with 
the temperamental dimensions ‘activation versus inhibition’, and with the 
psychopathological dimensions ‘externalizing versus internalizing problems’. We 
were interested in whether we could find a decreased HR in both temperamental 
activation and externalizing problems as an indication of autonomic underarousal, 
and an increased HR in both temperamental inhibition and internalizing problems as 
an indication of overarousal. We also wanted to explore whether autonomic 
function would be differentially related to temperament versus psychopathology.  
 
Short-term reproducibility of autonomic measures  
Test-retest data of the autonomic measures enables a proper interpretation of the 
strength of the relationships of autonomic function with the various parameters as 
described in the first three studies, as well as work from other authors. So far, a 
myriad of studies has examined autonomic measures in relation to psychosocial 
variables (Beauchaine 2001, Eisenberg et al. 1996, Ortiz & Raine 2004). These 
measures have also been widely applied in medical research and clinical practice, for 
instance in individuals with syncope (Sehra et al. 1999), diabetes mellitus (Rollins et 
al. 1992), and cardiac (Massin & von Bernuth 1998) or other diseases (Hrstkova et 
al. 2001).  
However, much to our surprise, the short-term reproducibility of 
autonomic indices has rarely been investigated, especially in children. The few 
studies in children and adolescents show inconsistent results, which we have 
reviewed in detail in chapter 3. Whereas some studies reported sufficient, mostly 
moderate, reproducibility, other studies indicated poor reproducibility. Other gaps 
in the pediatric literature are the lack of studies on indices of autonomic function 
other than HR and HRV, as well as studies on the reproducibility of measurements 
in non-resting conditions, such as in response to orthostatic stress. Therefore, as 
described in chapter 3, we studied the short-term reproducibility of different 
autonomic measures related to HR and BP, to get more insight into the reliability of 
autonomic measurements in our (pre)adolescent study population and to facilitate 
the interpretation of findings of the other studies of this thesis. Also, we provide the 
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test-retest reproducibility of autonomic measures in response to orthostatic stress, 
which is used to gain more insight into autonomic regulation compared to static 
comparisons (Pagani & Malliani 2000). In addition, we used a more complementary 
statistical approach, other than only relying on correlational analyses, with methods 
that are commonly used in reliability research (such as the coefficient of variation and 
Bland & Altman plots). The results of the study described in chapter 6 may be of use 
to other researchers who use a similar methodology as in our study.   
 
 
METHODS OF THE CURRENT STUDY 
 
This thesis is embedded in the prospective cohort study “TRacking Adolescents’ 
Individual Lives Survey” (TRAILS) of Dutch (pre)adolescents (N=2,230), with the 
aim to chart and explain the development of mental health from preadolescence 
into adulthood, both at the level of psychopathology and the levels of underlying 
vulnerability and environmental risk. This thesis include data from the first (T1) 
assessment wave of TRAILS, which ran from March 2001 to July 2002. A subsample 
of (pre)adolescents (N=1,868) participated in autonomic measurements, which 
took place between July 2001 and December 2002 (the main start of these 
measurements was in October 2001). In addition to that, a small sample of 
(pre)adolescents (N=17) was recruited from a school that participated in TRAILS, 
but the children themselves did not. These data were collected in May 2004 to 
investigate the reproducibility of autonomic measures. In the remainder of this 
section, sample selection and data collection of TRAILS in general are described 




Sample selection  
Sample selection involved two steps. First, five municipalities in the North of the 
Netherlands, including both urban and rural areas, were requested to give names 
and addresses of all inhabitants born between 10-01-1989 and 09-30-1990 (first 
two municipalities) or 10-01-1990 and 09-30-1991 (last three municipalities), 
yielding 3483 names. Simultaneously, primary schools (including schools for special 
education) within these municipalities were approached with the request to 
participate in TRAILS; that is, pass on students’ lists, provide information about 
TRAILS participants’ behavior and performance at school, and allow class 
administration of questionnaires and individual testing (neurocognitive, intelligence, 
and physical) at school. School participation was a prerequisite for eligible children 
and their parents to be approached by the TRAILS staff, with the exception of those 
already attending secondary schools (<1%), who were contacted without involving 
their schools. Of the 135 primary schools within the municipalities, 122 (90.4% of 
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the schools accommodating 90.3% of the children) agreed to participate in the 
study.  
 If schools agreed to participate, parents (or guardians) received two 
brochures, one for themselves and one for their children, with information about 
the study; and a TRAILS staff member visited the school to inform eligible children 
about the study. Shortly thereafter a TRAILS interviewer contacted parents by 
telephone to give additional information, answer questions, and ask whether they 
and their son or daughter were willing to participate in the study. Respondents with 
an unlisted telephone number were requested by mail to pass on their number. If 
they reacted neither to that letter, nor to a reminder letter sent a few weeks later, 
staff members paid personal visits to their house. Parents who refused to participate 
were asked for permission to call back in about two months to minimize the 
number of refusals due to temporary reasons. If both parents and children agreed to 
participate, parental written informed consent was obtained after the procedures 
had been fully explained. Children were excluded from the study if they were 
incapable of participating due to mental retardation or a serious physical illness or 
handicap, or if no Dutch-speaking parent or parent surrogate was available and it 
was not feasible to administer any of the measurements in the parent’s language. Of 
all children approached for enrollment in the study (i.e., selected by the 
municipalities and attending a school that was willing to participate, N=3145), 6.7% 
were excluded because of mental or physical incapability or language problems. Of 
the remaining 2935 children, 76.0% (N=2230, mean age=11.1, SD=0.6, 50.8% 
girls) were enrolled in the study (i.e., both child and parent agreed to participate). 
Responders and non-responders did not differ with respect to the prevalence of 
teacher-rated problem behavior, nor regarding associations between 
sociodemographic variables and mental health outcomes (De Winter et al. 2005).   
 
Data collection  
At T1, well-trained interviewers visited one of the parents or guardians (preferably 
the mother, 95.6%) at their homes to administer an interview covering a wide 
range of topics, including developmental history and somatic health, parental 
psychopathology and care utilization. Besides the interview, the parent was asked to 
fill out a self-report questionnaire. Children filled out questionnaires at school, in the 
classroom, under the supervision of one or more TRAILS assistants. In addition to 
that, intelligence and a number of biological and neurocognitive parameters were 
assessed individually (at school, except for saliva samples, which were collected at 
home). Teachers were asked to fill out a brief questionnaire for all TRAILS-children 




A subgroup of 1,868 (84%) from the 2,230 TRAILS participants (T1, first 
assessment wave) took part in autonomic measurements in the supine and standing 
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positions. Almost all TRAILS children from schools for special education participated 
in the autonomic measurements. Not all children have been included, mainly 
because autonomic measurements started a few months after the TRAILS data 
collection had begun and many children had changed from primary to secondary 
school (N=196). Additional attrition occurred because children were not present at 
school (e.g., holiday, school trip) and could not be rescheduled (N=62), were 
involved in the pilot measurements (N=56), had moved to another town (N=35), 
refused to perform measurements (N=12), or had a physical handicap (N=1). 
Children who were ill on the scheduled measurement day, were all rescheduled, 
either at school, in a community center, or at home.  
Autonomic measurements as described in the present thesis all had to pass 
strict quality criteria. The quality examination started with visual inspection of BP and 
HR signals. Measurements were regarded unsuitable when adequate signal 
recording had failed. Also, children demonstrating arrhythmia (or extra-systoles) 
were excluded from the analyses. In addition, data of 15 children were lost. Thus, 
1823 supine and 1792 standing recordings were suitable for further analysis. 
Autonomic variables were then calculated and checked for quality criteria, resulting 
in 1,472 (81%) supine and 1,129 (63%) standing measurements as described in 
detail in chapter 2. Finally, to avoid bias due to differences in group size, only those 
children were included in the studies of whom both reliable BRS measurements in 
the supine and standing positions were available (N=1,027).  
The final subsample of 1,027 children did not differ from the general 
TRAILS sample (N=2,230) regarding gender, body mass index, pubertal stage, and 
all behavioral measures included in this thesis, except for age. The later start of the 
autonomic measurements compared to TRAILS in general explains why the present 
subsample was slightly older (mean age=11.6, SD=0.5, range 10-13 years) than 
the general TRAILS sample (mean age=11.1, SD=0.6, range 10-12 years; t=38.6, 
p<.001). Further sample characteristics, such as pubertal stage, body mass index, 
level of physical activity, substance use, and medical health are reported in the 
respective chapters. All studies described in this thesis are cross-sectional.  
 
Autonomic measures  
This thesis includes the cardiac measures HR and HRV (in the low and high 
frequency band), as well as the vascular measures systolic BP and blood pressure 
variability (BPV). Also, we investigated BRS as a measure of short-term BP 
regulation. These cardiovascular indices were derived from short-term non-invasive 
measurements in the supine and standing positions. The latter were performed to 
determine autonomic reactivity to orthostatic stress. Calculations of BPV, HRV, and 
BRS were based on spectral analysis. In chapter 3, the focus lies on BRS. In chapter 
4 and 5, HR, HRV in the high frequency band [referred to as respiratory sinus 
arrhythmia (RSA)], and BRS have been related to behavioral variables. In  chapter 6, 
the reproducibility of all of the above autonomic measures has been investigated. 
Methodological aspects of autonomic measurements are described in more detail in 
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chapters 2 and 3.    
 
Behavioral measures   
All behavioral measures of the present study were based on parent questionnaires 
(generally provided by the mother), and not on child or teacher reports. We used 
parent reports, given that data from the other informants was unavailable to answer 
the specific research questions we were interested in. For example, to gain insight in 
children’s behavior at age four to five in relation to autonomic function, we had to 
rely on parent’s retrospective reports. In addition, parent questionnaires of 
temperament proved to be psychometrically superior to child reports.   
 Furthermore, we adopted a dimensional approach when investigating 
behavioral variables by viewing these as continuous variables and studying their 
underlying basic dimensions. Thus, we studied the dimensions of temperamental 
activation and inhibition, and externalizing and internalizing problems as their 
psychopathological counterparts.    
 
 
OUTLINE OF THIS THESIS 
 
Chapter 2 provides detailed information about the autonomic nervous system and 
the autonomic measures included in this thesis. 
Chapter 3 describes a study on spontaneous BRS measurements in the 
supine and standing positions in a large population cohort of Dutch (pre)adolescents 
(N=1,027). Normal values of BRS are presented in relation to posture, gender, 
age, pubertal stage, body mass index, and physical activity level. 
Chapter 4 investigates the relationship between autonomic function and 
temperament in (pre)adolescents from the general population. We were specifically 
interested in whether we could find different autonomic profiles to be associated 
with temperamental activation (i.e., high-intensity pleasure) versus temperamental 
inhibition (i.e., shyness). In this study, we examined HR, HRV in the high frequency 
band (or RSA), and BRS during supine rest and in reaction to standing (i.e., 
autonomic reactivity). 
Chapter 5 examines the relationship between autonomic function and 
externalizing and internalizing problems in a population cohort of (pre)adolescents. 
We expected autonomic function to be differentially related to both types of 
problems. We also investigated whether these associations might be specifically 
found in children with problems retrospectively reported to have been present also 
at preschool age. As in chapter 4, we investigated HR, HRV in the high frequency 
band (or RSA), and BRS during supine rest and standing-induced autonomic 
reactivity. 
Chapter 6 reports the short-term reproducibility of important autonomic 
measures obtained in the supine and standing positions and of autonomic reactivity 
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scores. Measures included HR, HRV in the low and high frequency band, systolic 
BP, BPV, and BRS. This study was conducted in a small group (N=17) of 
(pre)adolescents, applying a comparable methodology as in our other studies 
included in this thesis. 
Finally, chapter 7 summarizes the results of these studies and provides 
general conclusions.     
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Function and structure 
The autonomic nervous system is concerned with the regulation of the circulation 
and the body’s internal environment (Despopoulos et al. 1991). The autonomic 
system has thus a clear homeostatic function and is therefore of vital importance for 
the well-being of the organism (Stern et al. 2000). In general, it controls activities 
that are not under voluntary control, thus functioning below the level of 
consciousness. Functions are, for example, regulation of respiration, digestion, body 
temperature, and metabolism. The heart and the circulation are central target 
organs or functions. The sympathetic and the parasympathetic nervous systems are 
the two main branches of the autonomic nervous system. The anatomic centers of 
the sympathetic division lie in the thoracic and lumbar levels of the spinal cord, and 
those of the parasympathetic division lie in the brain stem (eyes, glands, and organs 
innervated by the vagus nerve) and sacral part of the spinal cord (Despopoulos et al. 
1991) (figure 1).  
 
Sympathetic nervous system  
The sympathetic nervous system helps mediate vigilance, arousal, activation, and 
mobilization, and prompts bodily resources to cope with increased metabolic needs 
during challenging situations (Sapolsky 1998). The sympathetic system normally is 
continuously active; the degree of activity varies from moment to moment (Stern et 
al. 2000). However, during emergencies or threat, activity of the sympathetic 
nervous system comes to a maximum. The sympathetic division is thus closely 
linked to the fight-or-flight response, also called the acute stress response, which 
triggers rises in respiration, heart rate (HR), and blood pressure (BP).    
 
Parasympathetic nervous system  
The parasympathetic nervous system is primarily concerned with the conservation 
of energy and maintenance of organ function during periods of minimal activity 
(Stern et al. 2000). Further, it promotes restoration of health following threats or 
challenges (Porges et al. 1996). The parasympathetic division is sometimes called 
the rest and digest system. In contrast to the sympathetic nervous system, the 
parasympathetic system is organized mainly for discrete and localized discharge and 
is rapid and reflexive in nature (Stern et al. 2000). For example, during stressful 
situations, the parasympathetic system generally retracts itself quickly to facilitate 
adaptation to environmental demands (Porges 1995). This does, however, not 
exclude a constant flow of parasympathetic activity, which is illustrated by the fact 
that intrinsic HR would be well over 100 beats per minute without parasympathetic 
influences, instead of an average of 70 beats per minute normally observed. Thus, 
the parasympathetic system slows the HR and also lowers the BP. The vagus nerve 
is the most important anatomic structure by which the parasympathetic nervous 
system exerts its influence, hence the term vagal is used synonymous with 
parasympathetic.  









Modes of function - Autonomic space  
Traditionally, the sympathetic and parasympathetic branches have been regarded as 
acting in an opposite (antagonistic or reciprocal) manner. By now, it has become 
clear that this is an oversimplification and that both systems may be concomitantly 
active (coactivation) or operate independently of each other (uncoupling) (Hughdal 
2001). The different modes of autonomic control of the sympathetic and 
parasympathetic divisions have been described in a model on autonomic space 
























































Figure 2. Modes of autonomic function (by Berntson, Cacioppo, and Quigley, 1991).  
 
Measures of the autonomic nervous system  
HR is probably the most investigated and readily assessable measure of autonomic 
function in psychophysiological research. It reflects the balance between activity of 
the sympathetic and parasympathetic autonomic nervous system. As such, it is not a 
specific measure of underlying autonomic function, although it may be inferred that 
parasympathetic activity predominates during resting conditions and sympathetic 
activity during stimulated situations (Jose 1966, Pomeranz et al. 1985).  
A technique that has been frequently applied to gain more insight into 
autonomic regulation is spectral analysis using fast Fourier transformations, which 
converts a signal in the time domain, such as beat-to-beat HR and BP, to a signal in 
the frequency domain (Akselrod et al. 1981). Frequency is defined as the number of 
oscillations per second (in Hertz, Hz, meaning ‘per second’). As an example, a 
frequency of 0.2 Hz corresponds with 12 cycles or periods within 60 seconds, with 
a duration of 5 seconds each period (figure 3).   
It is well-known that HR and BP are constantly changing (Karemaker 1993). These 
variations of HR or BP in time (i.e., changing inter-beat intervals), derived from a 
continuous electrocardiogram or BP measurement, can be set out in a tachogram 
(figure 4). Analysis of this waveform identifies the underlying rhythms as a 
combination of sine and cosine waves of various amplitude, frequency, and phase 
(figure 5). The output of a spectral analysis is the squared magnitude of the Fourier 
transform and is typically graphed as a curve showing the strength, or power 
(amplitude), of the frequencies into which the original signal can be decomposed 
(this is also called the power densitiy spectrum, figure 6) (Stern et al. 2000). Thus, 
spectral analysis partitions the total variance in HR or BP into underlying periodic 
rhythms that occur at different frequencies, which are supposed to reflect different 
physiological processes.    
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The HR spectrum commonly describes the power in the ultra low and very 
low frequency band (ULF, VLF, below 0.04 Hz, fewer than 2.4 cycles per minute), 
low frequency band (LF, 0.04-0.15 Hz, between 2.4 and 9 cycles per minute), and 
high frequency band (HF, 0.15-0.40 Hz, between 9 and 24 cycles per minute) 
(Akselrod et al. 1981, Pomeranz et al. 1985).  
The physiological source of the ULF and VLF is poorly understood; in 
addition to autonomic influences, thermoregulatory and metabolic processes have 
been mentioned (Stern et al. 2000). These frequencies are not considered in our 
study, since only short recordings of about 2 to 4 minutes have been assessed.  
In the HR variability spectrum, two prominent peaks are observed, at about 
0.1 Hz (the low frequency peak) and 0.25 Hz (the high frequency peak) (figure 6). 
The 0.1 Hz peak can also be found in the BP variability spectrum (Karemaker 1993). 
Variability in the 0.1 Hz component primarily originates from variations in BP related 
to sympathetic tone, which is regulated by the sympathetic and parasympathetic 
arms of the baroreflex (discussed later in more detail). Thus, the LF band mediates 
sympathetic as well as parasympathetic activity (Pomeranz et al. 1985).    
The HF band, on the other hand, is primarily linked to respiration and 
almost exclusively determined by parasympathetic activity (Berntson et al. 1993, 
Saul et al. 1991). The oscillatory influence of respiration on HR has been referred to 
as respiratory sinus arrhythmia (RSA) (Stern et al. 2000). Inspiration inhibits vagal 
outflow and increases HR, whereas expiration disinhibits vagal outflow and 
decreases HR. Over the past decade, RSA has received much attention in 
psychophysiology research as a noninvasive index of vagal control (Stern et al. 
2000).   
In this thesis, the time domain measures HR and systolic BP have been 
included, as well as the spectral measures HRV in the low frequency band (HRV-LF) 
and the high frequency band (HRV-HF or RSA), and BPV in the low frequency band. 
Also, baroreflex sensitivity (BRS) has been investigated, which is described in the 
following paragraph.   
 
 





Figure 3. Number of cycles per minute. A frequency of 0.2 Hz corresponds  
with 12 cycles or periods within 60 seconds. 




Figure 5. Waves of three rhythms (very low frequency 0.016 Hz  
or 1 cycle/min; low frequency 0.1 Hz or 6 cycles/min; high  
frequency 0.25 Hz or 15 cycles/min).  
(From: Phyllis K. Stein, Washington University School of Medicine, St. Louis.)    
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Figure 4. Tachogram of RR-interval (ms) of one individual. 
The R-peak is the most prominent peak in an electrocardiogram. 
 
Figure 6. Power density spectrum of RR-interval (ms2) of one individual.  
ULF=ultra low frequency, VLF=very low frequency, LF=low frequency,  
























































Baroreflex sensitivity  
The baroreflex is an important short-term BP control mechanism (Ketch et al. 2002) 
and functions as a negative feedback loop: based on afferent information of arterial 
baroreceptors reacting on changes in BP, central cardiovascular control is exerted 
on different peripheral effector systems (i.e., HR, cardiac output, contractility of 
heart, peripheral resistance) to keep BP between narrow limits. Thus, pressure-
sensitive baroreceptors, most of which are located in the aorta and carotid sinus, 
react on stretch or deformation of blood vessels associated with BP changes. 
Afferent nerve fibers transmit this information to the cardiovascular control center in 
the medulla oblongata in the brain stem, which in turn controls efferent sympathetic 
and parasympathetic nerve fibers to the heart (sympathetic and parasympathetic) 
and vasculature (only sympathetic). The baroreceptor reflex pathways and 
cardiovascular control center are described in more detail in figure 7a.  
The beat-to-beat function of the baroreflex is illustrated in figure 7b. As an 
example, when BP elevates, baroreceptor firing and afferent carotid sinus nerve 
impulses will increase, consequently efferent vagal nerve impulses will increase 
and/or sympathetic nerve impulses decrease, such that HR will be slowed, which 
will finally result in a decrease of BP. In an opposite fashion, when BP reaches lower 
than normal levels, baroreceptor firing and afferent carotid sinus nerve impulses will 
decrease, consequently efferent vagal nerve impulses will decrease and/or 
sympathetic nerve activity will increase, such that HR will be fastened, which will 
finally result in an increase of BP. 
  BRS is commonly defined as reflecting variations in beat-to-beat HR 
resulting from variations in systolic BP and is an integrated measure of both 
sympathetic and parasympathetic activity. In our studies, spectral analysis was used 
to calculate BRS, based on the transfer function between HR variability and BP 
variability in the low frequency band. Three calculations are gained, the modulus 
(BRS value), coherence and phase. The coherence reflects the amount of variance 
in HR as a result of changes in BP. The phase describes the time delay between the 
HR and BP spectra. A BRS of 10 ms/mmHg indicates that a rise of 1 mmHg in 
systolic BP induces a lengthening of 10 ms of the interval between two heart beats 
(i.e., RR-interval). A reduced BRS is a well-known indicator of autonomic 
dysfunction (Gerritsen et al. 2001, La Rovere et al. 1998).    
 




Figure 7a. Baroreceptor reflex pathways and autonomic nervous system control center. 
 
a. Primary afferent fibers arising from high-pressure mechanosensory endings in the heart, 
aorta, and carotid sinus project within the vagal and glossopharyngeal nerves to the 
nucleus tractus solitarius (NTS). Excitatory NTS outputs project to the vagal motor 
nucleus (nucleus ambiguus) and to the caudal ventrolateral medulla (CVM), activating an 
inhibitory (GABAergic) interneuron relay to the rostral ventrolateral medulla (RVM). 
Efferent limbs completing negative feedback loops consist of (inhibitory) vagal projections 
to the heart and sympathetic efferent projections from the RVM to the heart and 
vasculature via the interomedial column of the spinal cord (IML) and sympathetic ganglia. 
Heart rate reflex responses to changes in arterial pressure are determined by the balance 
between vagal and sympathetic efferent cardiac nerve activities. Reflex changes in 
systemic vascular resistance are determined by changes in vasoconstrictor nerve 
activities.  






Figure 7b. Beat-to-beat function of the baroreceptor reflex. 
 
b. Changes in arterial blood pressure result in parallel changes in the firing rate of carotid 
sinus nerve afferent impulses. These changes in the afferent nerve firing rate, in turn, 
cause parallel changes in vagal efferent and reciprocal changes in sympathetic efferent 
nerve firing rates.  
 
(From: Stapelfeldt W., Atlas of Anesthesia: Scientific Principles of Anesthesia. Edited by 
Ronald Miller, Debra A. Schwinn, Current Medicine, Inc., 1997).    
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Objective: To present normal spontaneous baroreflex sensitivity (BRS) values and 
investigate the influence of posture, gender, age, pubertal stage, body mass index 
(BMI), and physical activity level on BRS in (pre)adolescents. BRS is a sensitive 
measure of both sympathetic and parasympathetic cardiovascular regulation that 
may help detect early subclinical autonomic dysfunction. Design: Cross-sectional 
cohort study in a large sample of 10-to-13-year-old Dutch (pre)adolescents from 
the general population. Methods: Short-term spontaneous BRS was determined 
non-invasively by Portapres in both the supine and standing position. BRS was 
calculated by power spectral analysis using the discrete Fourier method (frequency 
band 0.07-0.14 Hz). Univariate statistical methods and multiple regression 
analyses were applied. Results: BRS in standing position was lower than in supine 
position (9.0+/-4.9 vs 15.3+/-9.1 ms/mmHg; t=27.8, p<0.001). Girls had lower 
BRS values than boys in both postures (supine: 14.3+/-8.7 vs 16.4+/-9.4 
ms/mmHg, β=0.12, p<0.001) standing: 8.4+/-4.4 vs 9.5+/-5.4 ms/mmHg, 
β=0.08, p=0.012), independent of age, pubertal stage, BMI, and physical activity. 
Lower limits (P2.5) for normal BRS values in supine and standing positions were for 
girls 3.6 and 2.2 ms/mmHg and for boys 3.9 and 2.5 ms/mmHg, respectively. BRS 
declined with age in the standing position (β=-0.13, p<0.001). In obese 
(pre)adolescents, BMI was negatively associated with BRS during standing 
(Kendall’s τ=-0.26, p=0.010). Conclusions: (Pre)adolescent‘s BRS was negatively 
related to female gender, age, and obesity. A reduced BRS in obese 
(pre)adolescents might be a candidate predictor of future cardiovascular health 
and therefore warrants further exploration.  
 




The baroreflex loop is an important cardiovascular control mechanism for short-
term blood pressure (BP) regulation. Based on afferent information of arterial 
baroreceptors reacting on changes in BP, central cardiovascular control is exerted 
on different peripheral effector systems (i.e. heart rate (HR), cardiac output, 
peripheral resistance) to keep BP between narrow limits. Baroreflex sensitivity (BRS) 
is a sensitive integrated measure of both sympathetic and parasympathetic 
autonomic regulation in which changes in HR due to variation in BP are reflected. 
Different techniques (e.g. spectral analysis, sequence method) are available to 
quantify baroreflex gain (Parlow et al. 1995), all of which are well-recognized 
methods. Traditionally, BRS is assessed pharmacologically, using the HR response to 
vasoactive drugs. In recent years, non-invasive methods of BRS measurement have 
become available that are based on spontaneous fluctuations of HR and BP obtained 
from continuous beat-to-beat recordings. Pharmacological and non-invasive BRS 
measurements have been found to correlate significantly (Parlow et al. 1995, 
Watkins et al. 1996), although some controversy still exists which of these methods 
should be preferred (Lipman et al. 2003, Parati et al. 2004). However, the invasive 
nature of the pharmacological method obviously limits its applicability in children and 
in large cohort studies.  
BRS measurements are an important prognostic tool to detect early 
subclinical autonomic dysfunction, especially in high-risk populations. Reduced BRS, 
resulting largely from vagal withdrawal, has been shown to be a valuable predictor of 
future cardiovascular morbidity and mortality in a variety of disease states that are 
associated with autonomic failure, such as myocardial infarction or diabetes mellitus 
(Gerritsen et al. 2001, La Rovere et al. 1998). In addition, reduced baroreflex 
control has been suggested in normotensive offspring of individuals with essential 
hypertension (Ditto & France 1990). More recently, an association between 
diminished BRS and psychopathology has been shown (Virtanen et al. 2003).  
Pathophysiological processes may only be judged adequately against the 
background of normal physiological processes of apparently healthy individuals. Of 
the currently available studies on normal baroreflex function and its general 
determinants, most have focused on adults. Presently, large studies on normal BRS 
values and determinants of spontaneous BRS in children and adolescents from the 
general population are lacking. The possible association of gender, age, pubertal 
stage, and obesity with baroreflex function has not been studied extensively in this 
group. The few small-sized studies often covered wide age ranges and have yielded 
equivocal results (Allen et al. 2000, Constant et al. 2002, Jartti et al. 1996, Rüdiger 
& Bald 2001, Scaramuzza et al. 1998, Tank et al. 2000, Veerman et al. 1994).  
In the present study, we aimed to investigate spontaneous BRS based on 
spectral analysis in a large, population-based cohort of 10–13-year-old 
(pre)adolescents, in relation to sex, age, pubertal stage, body mass index (BMI), and 




physical activity level. In addition to BRS measured in the supine and standing 
positions, the difference in BRS level between both positions was calculated to 
assess possible differences in autonomic adaptation to orthostatic stress. Given the 
decline of BRS with age in adults (Dawson et al. 1999, Tank et al. 2000), and the 
suggested changes in children’s autonomic function throughout childhood and 
adolescence (Faulkner et al. 2003, Tanaka & Tamai 1998), we expected a negative 
association of BRS with age. Furthermore, also based on studies in adults, we 
hypothesized that BRS would be negatively associated with female sex (Beske et al. 






We included 1868 (84%) 10-to-13-year-old (pre)adolescents who all participate in 
the ongoing longitudinal community-study “TRacking Adolescents’ Individual Lives 
Survey” (TRAILS) (De Winter et al. 2005) that originally consisted of 2230 children 
from the general Dutch population. For practical reasons (e.g., moving to another 
town, time constraints), 16% of the TRAILS participants were not included in the 
present study. Our study sample was slightly older (11.6+/-0.5 years) than the 
TRAILS cohort (11.1+/-0.6 years; t=38.6, p<0.001), as BRS assessments started a 
few months after the first wave of the main TRAILS data collection had begun. 
Otherwise, our sample did not differ from the TRAILS population with regard to 
sex, pubertal stage, and BMI. Collection of the cardiovascular data took place 
between July 2001 and December 2002. Written informed consent was obtained 
from the children’s parents. The study was approved by the Central Dutch Medical 
Ethics Committee. 
  
Anthropometric measures and questionnaires 
Children’s weight (SECA761, Seca Vogel & Halke GmbH & Co., Hammer 
Steindamm 9-25, 22089 Hamburg, Germany) and height (SECA208, Seca Vogel & 
Halke GmbH & Co., Hammer Steindamm 9-25, 22089 Hamburg, Germany) were 
assessed individually at school. BMI was determined for each child by dividing the 
weight (kg) by the square of the height (m2). According to international standards, 
age- and sex-specific BMI cut-off points for children were used to classify them as 
having a normal weight, being overweight, or obese (Cole et al. 2000). Pubertal 
stage was determined by information from a parental interview, using Tanner’s 
criteria (Tanner 1962). Children with Tanner stage 1 were regarded as 
preadolescents and children with Tanner stage 2-5 as adolescents. Most of these 
adolescents (80%) were in Tanner stage 2.  
Through questionnaires, parents also indicated the level of physical activity 
of their child by reporting how often he or she performed sports, such as 
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swimming, playing soccer, or horse riding on a five-point Likert scale (0, never; 1, 
once a week; 2, 2–3 times a week; 3, 4–5 times a week; 4, 6–7 times a week). In 
addition, the children reported the intensity or frequency at which they smoked, 
chewed, or sniffed tobacco, using the Youth Self-Report Questionnaire (Achenbach, 
1991). Furthermore, parents indicated the health problems of their child in a 
questionnaire that included the most common diseases in (pre)adolescence: 15% of 
the children had an allergy; 6.6% had asthma or chronic bronchitis (and 5.9% of all 
children used medication for this health problem); 0.8% had anaemia (and 0.3% of 
all children used medication for this health problem); and 0.1% had diabetes mellitus 
during the past year. Table 1 shows the general characteristics of our study 
population. 
 
Assessment of baroreflex sensitivity  
HR and BP measurements took place individually in a quiet room at school, 
generally between 8.30 a.m. and noon, and sometimes between 1.00-3.00 p.m. 
First, children were asked to lie down. We checked the temperature of the hands 
and when necessary these were warmed up before the recording, as cold fingers 
are associated with insufficient blood supply possibly leading to inadequate finger BP 
assessment. In addition, we asked whether children had been physically active 
immediately prior to the measurement. When this was the case (about 1% of the 
children), we extended the pre-measurement resting period for a few minutes. 
While the children were in the supine position, the procedure was explained to the 
children, a cuff was fixed around the middle phalanx of the third finger on the right 
hand, and a three-lead electrocardiogram was applied for registering HR. Children 
were encouraged to relax and asked not to move or speak during data acquisition. 
All in all, children were in supine position for about 5 minutes before measurements 
began. Moreover, recordings did not start until circulatory readjustments of body 
fluid changes were completed and signals had reached a stabilized steady-state, 
generally within one to three minutes, in accordance with Tanaka et al. (1994a). 
Then, BP and HR signals were registered for four minutes in supine position, 
followed by two minutes in standing position, again after signals had stabilized. 
Breathing rate was uncontrolled.  
Spontaneous fluctuations in beat-to-beat finger BP were recorded non-
invasively and continuously using the Portapres device (FMS Finapres Medical 
Systems BV, Paasheuvelweg 34a, 1105 BJ Amsterdam, the Netherlands). This 
instrument is comparable to the Finapres device (Wesseling et al. 1982) that is 
based on the volume clamp technique by Péñaz (Peñàz J. 1973). BP recordings by 
Finapres have been validated in children by Tanaka et al. (1994b). Recordings were 
digitized (sample rate 100 Hz, using a DAS-12 data acquisition card for notebooks, 
Keithley Instruments, Cleveland, Ohio, USA) and stored on hard disk for off-line 
analysis. 





Table 1. General characteristics of the study population. 
Notes. BMI, body mass index; NS, not significant. aBased on Tanner’s criteria. bgroups of 
children based on international BMI cut-off values. Percentages represent valid 
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Calculation and attainability of baroreflex sensitivity 
Visual inspection of BP and inter-beat-interval (IBI) signals yielded 1823 supine and 
1792 standing recordings that were suitable for BRS calculation. Measurements 
were regarded unsuitable when adequate signal recording failed. Also, children 
demonstrating arrhythmia were excluded from the analyses.  
We applied the transfer function technique to determine BRS using the 
CARSPAN software program (Mulder et al. 1988), as previously described by 
(Robbe et al. 1987). This program allows for discrete Fourier transformation of non-
equidistant systolic blood pressure (SBP) and IBI-series. The analyzed time series 
were corrected for artifacts and checked for stationarity. BRS was defined as the 
mean modulus between spectral values of SBP variability and IBI variability in the 
0.07-0.14 Hz frequency band with a coherence of more than 0.3. BRS is expressed 
in ms/mmHg. It has previously been shown that the narrow band around 0.10 Hz is 
a valid band for determining changes in short-term blood pressure regulation and 
that the frequency range above 0.07 Hz is sufficient for the determination of BRS 
(Robbe et al. 1987, van Roon et al. 2004). A comparable method for BRS 
calculation has also been applied in other studies (Althaus et al. 2004, Lefrandt et al. 
1999). 
We used a minimal coherence of 0.3, because the overall coherence level 
between the IBI- and SBP-series is reduced when SBP is determined by the 
Portapres device compared to intra-arterial measurements for which a coherence 
level of 0.5 is generally applied. This reduction in coherence is explained by an 
increased noise level that is introduced by interpolations of regular physio-
calibrations of the Portapres device. By using a coherence level of 0.3, a higher 
number of reliable BRS values can be obtained due to an increase in coherence 
points on which BRS calculation is based, compared to the 0.5 coherence level.  
Because the 0.5 coherence level is more in line with scientific costum, we 
tested the appropriateness of the 0.3 coherence level as compared to the 0.5 
coherence level by recalculating the BRS values using this more stringent criterion 
(n=1027). We found that BRS values derived from calculations with a coherence 
level of 0.3 and 0.5 correlated almost perfectly with each other (supine BRS: 
Pearson’s r=0.98, p<0.001; standing BRS: Pearson’s r=0.99, p<0.001). Also, 
absolute BRS values (means and standard deviations) in both positions were nearly 
identical (the 0.5 coherence limit showed about 0.5-1 ms/mmHG higher average 
BRS values). In addition, we conducted statistical analyses with BRS values based on 
both coherence levels of 0.3 and 0.5, finding very similar results. Taken together, it 
should be concluded that a coherence level of 0.5 is not superior to one of 0.3 
given the present methodology.  
Furthermore, although the measurement time in our study was relatively 
short compared to general scientific practice, the recording length of at least two 
minutes should be sufficient to cover the 0.07-0.14 Hz frequency range, as the 
lowest frequency of 0.07 Hz would be detected about eight times within 120 
seconds. Moreover, to test the reliability of our short recordings, we correlated 




supine BRS based on a stable signal recording interval of 200 sec with the 
corresponding first and second 100 sec periods in a small subsample (n=25) from 
our study population. BRS values derived from the first and second 100 sec periods 
were strongly correlated with the BRS values derived from the total length of 200 
sec (Pearsons’s r=0.86, p<0.001 and Pearson’s r=0.96, p<0.001, respectively). 
This indicates the reliability of 100 sec recordings. Nevertheless, we recognize that, 
ideally, the measurement period should be extended to improve the reliability of the 
recordings. However, the possible reduction in reliability as a result of the generally 
short measurements in our study as compared to accepted standards may be 
counterbalanced by the sample size, which is large enough to set off random 
fluctuations in individual values.  
After BRS calculation, the quality of the dataset was assured by exclusion of 
1) BRS values that were based on measurements of which more than 10% of the 
BP signal had been corrected by CARSPAN and/or contained too many artifacts 
(that is, showing signal gaps of more than 5 seconds of IBI’s and/or more than 10 
seconds of SBP signals) (292 supine and 588 standing measurements were thus 
excluded); 2) BRS values that were based on less than three frequency points (46 
supine and 39 standing measurements were thus excluded); and 3) BRS values that 
were based on signal recordings lasting less than 100 seconds (13 supine and 35 
standing measurements were thus excluded). All in all, we obtained 1472 (81% of 
1823) supine and 1129 (63% of 1792) standing measurements that met our quality 
criteria. This result is in line with previous studies using spectral analysis; e.g., 
Veerman et al. (1994) reported 25% and Pitzalis et al. (1998) 34% unobtainable 
BRS. Individuals of whom no reliable supine or standing BRS measurement was 
available were comparable to participants with reliable BRS regarding sex, age, 
pubertal stage, BMI, and level of physical activity. Table 2 gives BP and HR variables 
in the supine and standing position of the children for whom a reliable BRS both in 
the supine and standing position was available (n=1027).  
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SBP  
(mmHg) 









0.9 0.8 1.0 
 








650.2 94.6 641.4 
PwIBI 
ln(ms2) 
6.4 1.1 6.4 6.2 0.9 6.3 
Notes. SBP, systolic blood pressure; Pw, power in the frequency-band 0.07-0.14 Hz; ln, 
transformed by natural logarithm; IBI, inter-beat-interval. Only data of participants are 
presented for whom a reliable BRS both in the supine and standing position was available.  
 
 
Statistical analysis  
To avoid any bias due to differences in group size between the supine and standing 
measurements, we included only those individuals in the statistical analyses of whom 
a reliable BRS value in both the supine and standing position was available. BRS and 
BMI values were transformed to a normal distribution by taking their natural 
logarithm before entering in statistical analysis. The difference between supine and 
standing BRS values was calculated for each individual and used as a measure of 
autonomic adaptation to orthostatic stress (dBRS). Lower limits of the distribution of 
supine and standing BRS were defined at the 2.5th percentile, in keeping with the 
lower limits of adult BRS values given in the ATRAMI-study (La Rovere et al. 1998). 
(Paired) Student’s t-tests were used to test for BRS differences between supine and 
standing position, between boys and girls, and between prepubertal children and 
adolescents. Pearson’s correlation coefficients were calculated to investigate possible 
associations between BRS with BMI, physical activity, and age (years, two decimals). 
Correlations between BRS and BMI within the group of overweight and obese 
(pre)adolescents were explored non-parametrically by Kendall’s τ. Multiple 
regression analyses were adopted to assess the independent effects of sex, pubertal 
stage, BMI, and level of physical activity on BRS, for supine and standing BRS values, 
and dBRS separately. Standardized β’s are given. P values smaller than 0.05 were 













BRS values and effects of posture and sex  
Table 3 shows BRS values for the supine and standing position, as well as the lowest 
BRS scores in the 2.5th percentile, for both boys and girls. BRS was significantly 
higher in the supine than the standing position in the whole group of 
(pre)adolescents as well as in boys and girls separately (figure 1). In addition, a sex-
effect was found: girls demonstrated significantly lower BRS values in supine and 
standing position than boys (figure 1). However, sex had no effect on dBRS, the 
difference between BRS in the supine and standing position, suggesting no 
differences in autonomic adaptation to orthostatic stress between boys and girls 
(boys 0.5+/-0.6 vs girls 0.5+/-0.6; t=1.2, p=0.217).  
 
Tabel 3. Gender-specific BRS in supine and standing position. 
Notes. M, mean; Md, median; BRS, baroreflex sensitivity (frequency band 0.07-0.14 Hz); 
P2.5, 2.5th percentile. Supine and standing BRS values differed significantly in all children 
(t=27.8, p<0.001), boys (t=20.2, p<0.001), and girls (t=19.2, p<0.001). Boys vs girls: 













Figure 1. Posture- and gender effects for BRS. Error bars represent SE.  
BRS was lower in the standing than in the supine position. Girls had lower  
BRS values than boys in both positions. Additional statistics are reported  
in table 3. 
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Age and pubertal stage 
In table 4, correlations of BRS with age are given. Age was negatively correlated with 
BRS in the standing position, but was not significantly associated with BRS in the 
supine position. Pubertal stage was unrelated to BRS in the supine (15.0+/-9.6 vs 
15.3+/-8.9 ms/mmHg, t=-1.1, p=0.263) and the standing position (9.1+/-5.0 vs 
8.8+/-4.9 ms/mmHg, t=1.0, p=0.328). When examining the difference between 
supine and standing BRS (dBRS), we found that older individuals (table 4) and 
adolescents (preadolescents vs adolescents: 0.45+/-0.60 vs 0.54+/-0.59; t=-2.0, 




Tabel 4. Correlations of BRS with age, level of physical activity, and BMI.  
 Supine BRS 
 r                       p 
Standing BRS 
 r                       p 
Change (dBRS) 
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Body Mass Index  
BMI was not significantly correlated with BRS in supine and standing position, nor 
with dBRS. Since previous studies suggested a relationship between BRS and BMI in 
overweight and obese individuals (Beske et al. 2002, Emdin et al. 2001), we 
additionally studied correlations between BRS and BMI within three groups stratified 
by weight: children with normal weight (n=845), overweight (n=130), or obesity 
(n=41). We found that only within the group of obese children, BMI correlated 
negatively with standing BRS, but not with supine BRS or dBRS. In contrast to obese 
children, BMI did not correlate significantly with BRS within the group of children 
with normal weight or overweight. Statistics and p-values are given in table 4.  
 
Physical activity 
The level of physical activity was positively related to BRS in the standing position, 
but not to BRS in the supine position and to dBRS. Statistics and p-values are shown 
in table 4. Physical activity was not related to age.  
 
 




Multivariate analyses  
We used multiple regression analyses to assess the independent contribution of 
gender, age, pubertal stage, BMI, and physical activity on BRS, for supine and 
standing BRS, and dBRS separately. In a model that included all independent 
variables, gender retained a significant main effect in both the supine (β=0.12, 
p<0.001) and in the standing (β=0.08, p=0.012) position, independent of the 
influence of age, pubertal stage, BMI, and physical activity level. In addition, as in the 
univariate analysis, age was significantly associated with BRS in the standing (β=-
0.13, p<0.001), but not the supine position (β=-0.01, p=0.675). Also, pubertal 
stage was unrelated to BRS in the supine (β=0.05, p=0.149) and the standing 
position (β=-0.02, p=0.593). With respect to dBRS, both, age (β=0.11, 
p<0.001) and pubertal stage (β=0.06, p<0.050) emerged as significant main 
effects, whereas gender (β=-0.05, p=0.167) and BMI (β=-0.03, p=0.331) did 
not. Finally, the level of physical activity was not related to BRS in the supine 
(β=0.03, p=0.368) and standing position (β=0.06, p=0.075), nor to dBRS (β=-





In order to gain a better understanding of diminished baroreflex function, which 
reflects suboptimal short-term blood pressure regulation and is predictive of 
cardiovascular morbidity and mortality, it is important to know determinants of 
baroreflex function in a non-clinical population. This is the first study that reports on 
normal spontaneous BRS and the possible influence of posture, age, pubertal stage, 
gender, BMI, and physical activity on BRS in (pre)adolescents from a large sample of 
the general population.  
Our results regarding the effect of posture are in line with the literature. As 
reported before in children (Scaramuzza et al. 1998, Veerman et al. 1994) and 
adults (Kim & Euler 1997, Laude et al. 2004, Veerman et al. 1994), BRS in the 
supine position was considerably higher than in the standing position. This is not 
surprising, since a change from supine to erect posture causes redistribution of 
blood to the lower extremities, which results in an acute fall of cardiac-arterial BP 
leading to increased sympathetic activity (Guyton 1986). Sympathetic stimulation 
during standing decreases vagal cardiac efferent tone (Pomeranz et al. 1985) and 
reduces baroreceptor control (Sundblad 1996).  
Average supine and standing BRS values found in our study are comparable 
to BRS values in children and adolescents of similar age reported in other studies 
that also used spectral analysis with roughly the same frequency bands (Scaramuzza 
et al. 1998, Tank et al. 2000, Veerman et al. 1994). However, other spectral 
analysis-based studies in (pre)adolescents have reported average supine BRS values 
that differ considerably from those found in the present study (Constant et al. 2002, 
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Jartti et al. 1996, Rüdiger & Bald 2001). Rüdiger & Bald (2001) and Constant et al. 
(2002) found lower supine BRS values, whereas Jartti et al. (1996) reported clearly 
higher supine BRS outcomes. These discrepancies may be attributable to the use of 
small sample sizes, use of wider age ranges or differences in applied methodology. 
Presently, no “gold standard” for measuring non-invasive BRS exists and 
methodological differences can produce different results, although different indices 
for BRS derived from spectral analysis (in the low or high frequency band, 
respectively) are strongly correlated (Laude et al. 2004). 
Given the decline of BRS with increasing age in adults (Kardos et al. 2001, 
Laitinen et al. 1998), we would have expected clearly higher average BRS values in 
our (pre)adolescent sample compared to adults. Surprisingly, the present BRS values 
were strikingly similar to the BRS values of non-elderly adults reported in other 
studies that have also applied spectral analysis in the low frequency band, even 
though slight methodological differences between these studies may exist (Dawson 
et al. 1999, Kardos et al. 2001, Kim & Euler 1997, Tank et al. 2000). This is in 
accordance with a few other studies that would not suggest a major decline in BRS 
in the age range from middle childhood to middle adulthood either (Allen et al. 
2000, Ohuchi et al. 2000, Rüdiger & Bald 2001, Tank et al. 2000, Veerman et al. 
1994). Thus, this may indicate that no major changes in BRS from middle childhood 
to middle adulthood take place. Nonetheless, despite the limited age range of our 
study sample, we found a significant, albeit small, negative effect of age on BRS in the 
standing position, suggesting a subtle decrease of BRS in (pre)adolescents. Although 
it remains unclear why age was only related to BRS in the standing position, we 
assume that age-related increases in body height and weight may partly explain the 
present effect. It may be expected that an increased body height and weight would 
be associated with stronger sympathetic reactions and hence a more reduced BRS 
during orthostatic stress than when resting in a supine position. Furthermore, our 
results show that postural differences in BRS were larger in the older participants 
(adolescents) than in the younger children (preadolescents). This may suggest that 
the dynamic autonomic adaptation to orthostatic stress becomes more pronounced 
with increasing age in (pre)adolescents. However, it should be stressed that the age 
range in our study is rather small, so that our findings regarding the role of age and 
pubertal stage should be considered preliminary. Clearly, definite conclusions 
regarding possible age-related BRS changes in children, adolescents, and young 
adults will have to await longitudinal studies. Indeed, we intend to follow our study 
population into early adulthood and repeat BRS measurements regularly. 
The influence of gender on baroreflex control had not been adequately 
examined in children and adolescents so far. The two existing studies in children and 
adolescents did not find significant differences in BRS between boys and girls, 
possibly due to the use of small sample sizes (Allen et al. 2000, Tanaka et al. 
1994a). In the present study, we were able to reliably address this issue. Girls 
appeared to have significantly lower BRS levels than boys, in both the supine and the 
standing position, even though gender appeared to explain only a small percentage 




of the total BRS variability (as had been reported earlier in adults by Kardos et al. 
2001). Still, the role of gender on BRS according to our data is in keeping with 
pediatric studies reporting lower HR variability in girls (Faulkner et al. 2003, Silvetti 
et al. 2001] and with a number of adult studies that have also found lower BRS in 
females (Beske et al. 2001, Laitinen et al. 1998). Others, however, failed to find 
BRS differences between men and women (Dawson et al. 1999, Sevre et al. 2001). 
These contrasting results may be explained by differences in factors that are known 
to independently influence BRS, such as obesity (Emdin et al. 2001) or age (Kardos 
et al. 2001). In the present study, however, the independent effect of gender 
remained significant, even after adjustment for the possible influence of age, pubertal 
stage, BMI, and physical activity level. In addition, gender-differences in BRS have 
predominantly been reported in younger adults compared to elderly individuals 
(Laitinen et al. 1998, Sevre et al. 2001), which is in keeping with our finding. The 
mechanisms underlying this gender difference remain to be determined.  
We found a negative correlation between BRS and BMI in obese children, 
even though BMI did not correlate significantly with BRS in the wide group of 
children or in overweight children. To our knowledge, no studies in children are 
available that focused on BRS in relation to obesity. However, a reduced HR 
variability, another well-known measure of autonomic function, has been reported 
in obese children or adolescents (Riva et al. 2001, Silvetti et al. 2001). Studies in 
adults suggested a diminished baroreflex function in severely obese individuals 
(Emdin et al. 2001) and in those with mild-to-moderate levels of obesity or 
overweight (Beske et al. 2002). The underlying mechanism of the link between 
obesity and BRS is not fully understood, but obesity has been found to be related to 
sympathetic hyperactivity, that, in turn, is associated with a reduction in BRS (Emdin 
et al. 2001, Riva et al. 2001, Sundblad 1996). Our results may point to this 
possibility, as an association in obese children between BMI and BRS was only found 
in the upright position in which a sympathetic challenge takes place. Taken together, 
our results could suggest that appropriate adaptation to cardiovascular changes 
induced by orthostatic stress is impaired in obese children. It would be interesting to 
prospectively investigate the possible role of diminished autonomic function in 
children versus obesity per se as an early independent predictor of future 
cardiovascular morbidity. 
In conclusion, the effects of gender, age, and obesity on BRS found in this 
child population parallel those reported in adult studies, demonstrating that these 
factors are already evident at an early developmental stage. A reduced BRS in obese 
(pre)adolescents might be a candidate predictor of future cardiovascular health and 
therefore warrants further exploration. Early risk detection of autonomic dysfunction 
by measuring BRS may also be valuable in other risk groups, for example, in children 
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The aim of this study was to investigate temperamental activation (high-intensity 
pleasure) and inhibition (shyness) in relation to autonomic function as measured by 
heart rate (HR), respiratory sinus arrhythmia (RSA), and baroreflex sensitivity 
(BRS) in a preadolescent population cohort. Temperament was evaluated by 
parent-reports on the Revised Early Adolescent Temperament Questionnaire. 
Autonomic measurements were obtained in supine and standing position. 
Temperamental activation was negatively associated with supine HR and positively 
with supine RSA and BRS. Temperamental inhibition was positively related to 
supine BRS in girls only. Autonomic reactivity scores (i.e., difference between 
supine and standing) that were adjusted for supine values were unrelated to 
temperamental measures. Results suggest a physiological basis promoting the 
tendency towards engagement in activities with high intensities. Moreover, it 
appears that higher scores on the temperamental poles of activation (in both boys 
and girls) and inhibition (in girls only) are associated with increased dynamic and 
flexible autonomic regulation, which implicates healthy physiological functioning.  





Temperament refers to individual differences in overt behavior, emotion, and 
motivational styles. Differences in temperament are thought to have an underlying 
neurobiological basis (Strelau 1994). Especially the relationship between 
temperament and the autonomic nervous system has received considerable 
attention (Beauchaine 2001, Movius & Allen 2005). Often temperament is regarded 
as a feature of the early years of life. However, Rothbart & Derryberry (1981) use a 
more developmental framework of temperament in that it is shaped over time by 
an interplay between heredity, maturation, and experiences. This broadens the 
possibility of identifying temperament dimensions to include those that do not 
appear within the first years of life. In line with the model of Rothbart and 
Derryberry, in the present study we focused on the relationship between 
preadolescents’ temperament and autonomic function, a neglected research area so 
far.  
Research in the field of temperament in association with autonomic function 
has traditionally focused on heart rate (HR), which reflects the balance between 
sympathetic and parasympathetic (vagal) activity. In addition, indices of vagal activity 
[such as heart rate variability (HRV) or respiratory sinus arrhythmia (RSA)] have 
become increasingly important as psychophysiological markers of emotion regulation 
and a wide range of other psychological variables (Beauchaine 2001, Berntson et al. 
1997, Movius et al. 2005). Furthermore, recent studies have pointed to the 
potential value of baroreflex sensitivity (BRS) as a measure of autonomic function in 
relation to psychological variables (Virtanen et al. 2003, Watkins et al. 1999). BRS is 
an indicator of the quality of short-term blood pressure (BP) control, reflecting 
changes in inter-beat-intervals of HR due to changes in beat-to-beat BP (Ketch et al. 
2002, Van Roon et al. 2004). Although BRS indicates both sympathetic and 
parasympathetic influences, BRS assessments at rest are likely to be mediated largely 
by vagal control (Pomeranz et al. 1985).   
Two core dimensions of temperament may be distinguished: activation 
(approach) and inhibition (avoidance) (Elliot & Thrash 2002). Temperamental 
activation refers to an approaching and disinhibited behavioral style. Temperamental 
inhibition, on the other hand, comprises avoidant behaviors and withdrawal 
responses guided by feelings of anxiety (Gray 1991).  
Despite some intriguing findings linking autonomic function with the two 
temperamental poles of activation and inhibition, this field of research has been 
characterized by inconsistent results. Here, we investigate the possible relationship 
of temperamental activation (high-intensity pleasure) and inhibition (shyness) with 
HR, RSA, and BRS in a large population cohort of preadolescents. We were 
specifically interested in high-intensity pleasure and shyness, as both factors have 
been shown to steer the conditional probability of either externalizing or 
internalizing problems, respectively, thus functioning as direction markers 




(Oldehinkel et al. 2004). We primarily focused on autonomic measures during 
supine rest. Additionally, we investigated autonomic reactions to orthostatic 
challenge (standing), as these have been shown to be related to psychological 
variables (Kagan et al. 1994,  Mezzacappa et al. 1997, Yeragani et al. 1991) and are 
easily applicable in large-scale studies. Orthostatic challenge is known to lead to an 
increase of sympathetic activity and a decrease of parasympathetic activity, resulting 
in increased HR and decreased RSA and BRS.  
 We tested several hypotheses, generated by previous studies, but also 
explored possible temperament-autonomic nervous system relationships that had 
received little research attention so far. First, we investigated if individuals with higher 
scores on temperamental activation had lower HR. Stimulation-seeking theory states 
that low arousal levels are physiologically unpleasant and may lead to engagement in 
exciting behaviors that increase the low arousal level to an optimal or normal level 
(Eysenck 1997). While an association between temperamental activation and low 
HR has indeed been shown in a few studies in infants and young children (Raine 
1996, Raine et al. 1997, Zuckerman 1990), surprisingly, the most recent studies (in 
adults) have suggested no association between temperamental activation and HR 
(Heponiemi et al. 2004, Keltikangas-Jarvinen 1999,  Knyazev et al. 2002).   
The second hypothesis we tested was whether behaviorally inhibited 
preadolescents would show a higher HR, as had been demonstrated in young 
children in the pioneering work of Kagan and colleagues (Garcia Coll et al. 1984, 
Kagan et al. 1987, Kagan et al. 1988). They argued that autonomic overarousal (as 
reflected in higher HR) may be characteristic of individuals who are prone to 
extreme fearfulness and withdrawal from unfamiliar situations (Kagan et al. 1994). A 
number of other studies have also reported an increased HR in inhibited three-year-
old children (Scarpa et al. 1997) and anxious adolescent boys (Mezzacappa et al. 
1997). However, not all available studies in children and adults have uniformly 
replicated Kagan’s findings (Calkins & Fox 1992, Heponiemi et al. 2004, Knyazev et 
al. 2002, Marshall & Stevenson-Hinde 1998, Schmidt et al. 1999). Thus, the 
literature on the relationship between temperamental inhibition and HR is 
inconclusive and in need of further investigation (Fox et al. 2005, Marshall & 
Stevenson-Hinde 2001).   
Furthermore, we aimed to explore whether temperamental activation and 
inhibition would be linked with, respectively, increased and decreased vagal activity 
(as indexed by supine RSA and BRS). Increased vagal activity is thought to promote 
physiological flexibility and adaptability to meet environmental demands (Porges 
1995,  Porges et al. 1996), and may also be associated with increased openness to 
new experiences and temperamental reactivity (Beauchaine 2001, Porges et al. 
1994). Higher baseline RSA levels have indeed been suggested in infants and 
children with a high tendency to approach (Beauchaine 2001,  Richards & Cameron 
1989), but this has never been investigated in preadolescents.  
In contrast to temperamental activation, early studies have suggested lower 
vagal tone in inhibited young children (Garcia Coll et al. 1984; Reznick et al. 1986), 
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which may point to autonomic dysregulation. However, many other studies in 
children and adults have reported no relationship between temperamental inhibition 
and vagal activity (Brenner 2005, Heponiemi et al. 2004, Hofmann et al. 2005, 
Knyazev et al. 2002, Marshall et al. 1998,  Movius et al. 2005, Ravaja, 2004, 
Schmidt et al. 1999). Thus, studies on the relationship between RSA and 
temperament have yielded ambiguous results so far.  
Recently, some studies have suggested that BRS may be a more sensitive 
measure of autonomic function than RSA. Interestingly, anxiety and hostility were 
more closely (inversely) associated with BRS than with RSA in those studies 
(Virtanen et al. 2003, Watkins et al. 1998, Watkins et al. 1999). To date, only very 
few studies are available linking BRS with psychological variables, especially in 
children. Some researchers have demonstrated an inverse relationship between 
BRS and pathological or non-pathological anxiety in adults (Virtanen et al. 2003, 
Watkins et al. 1998, Watkins et al. 1999). We know of only one study on the 
relationship between BRS and behavioral activation, in which a lower BRS was 
found for impulsive boys, but not girls (Allen et al. 2000).   
Taken together, the reviewed literature shows inconsistent and equivocal 
results regarding the relationship between temperament and autonomic function, 
with a lack of research in preadolescents. The aim of the present study was to 
investigate the relationship between temperament and autonomic function in a large 
preadolescent population as part of an ongoing cohort study. HR, RSA, and BRS in 
the supine and standing position were included as measures of autonomic function. 
High-intensity pleasure (i.e., stimulation-seeking) was selected as a measure of 
temperamental activation and shyness as a measure of temperamental inhibition. 
We expected different autonomic patterns to be associated with  






This study was performed in 938 10-to-13-year-old Dutch preadolescents (442 
boys, mean 11.6 yrs, SD 0.5, 93% Caucasian) who all participate in the ongoing 
longitudinal community-study “TRacking Adolescents’ Individual Lives Survey” 
(TRAILS) (De Winter et al. 2005). The key objective of TRAILS is to chart and 
explain the development of mental health from preadolescence into adulthood, 
both at the level of psychopathology and the levels of underlying vulnerability and 
environmental risk. Sample selection procedures and methods of TRAILS have 
recently been described (De Winter et al., 2005). In the present TRAILS subsample, 
we included all preadolescents for whom parent-reported temperament scores and 
reliable BRS values in both the supine and standing position were available. 




The mean body mass index in the current sample was 18.9+/-3.1 kg/m2. 
About 12,5% of the participants (almost) never engage in physical activities, 24,5% 
once a week, 34,8% 2-3 times a week, and 14% 4-7 times a week. Drinking 
alcohol on a regular basis has been reported by 0,6% of the participants, sometimes 
or a little bit by 5,7%, and (almost) never by 93.7%. Smoking tobacco regularly has 
been reported by 0,2%, sometimes or a little bit by 2%, and (almost) never by 
97,8%. A more detailed description of the study population that participated in the 
cardiovascular measurements has been described in our previous studies (Dietrich 
et al. 2006). Written informed consent was obtained from the preadolescents’ 




Temperament was assessed by parents’ responses on the Early Adolescent 
Temperament Questionnaire (EATQ-R) (Hartman 2000, Putnam et al. 2001). We 
included only those subscales of the EATQ-R that reflect temperamental activation 
and inhibition. Those subscales were high-intensity pleasure (i.e., parents indicated 
how much pleasure their child would derive from activities involving high intensity or 
novelty, such as deep sea diving and mountain climbing; 6 items, Cronbach’s alpha 
0.77) and shyness (i.e., behavioral inhibition to novelty and challenge, especially 
social; 4 items, Cronbach’s alpha 0.84), measured on a 5-point scale. The factor 
structure and internal consistency of the EATQ-R scales have been verified 
empirically in the TRAILS cohort (Oldehinkel et al. 2004). The parent version of the 
EATQ-R was used because the factor structure has proved to be superior 
compared to the child version (Oldehinkel et al. 2004). Table 1 shows gender-
specific means and standard deviations of the temperament scales.  
 
 
Table 1. Temperamental activation and inhibition in boys and girls. 






Boys versus Girls 
High-Intensity Pleasure 3.4 (0.9) 3.2 (0.9) t=-3.4, p<.001 
Shyness 
 
2.4 (0.9) 2.6 (0.9) t=2.3, p<.05 
Notes: Gender differences by Student’s t-tests.  




Cardiovascular measurements took place individually in a quiet room at school. 
Spontaneous fluctuations in continuous beat-to-beat systolic finger BP were 
measured non-invasively by the Portapres device. HR was registered by a three-
lead electrocardiogram. Recordings did not start after a few minutes of supine rest 
and only after signals reached a stabilized steady-state after circulatory readjustments 
of body fluid changes. Then, BP and HR signals were registered for 4 minutes in the 
supine position during spontaneous breathing, followed by 2 minutes in the standing 
position, again after signals had stabilized.  
 Calculation of RSA and BRS was performed by spectral analysis using the 
transfer function technique as described previously (Dietrich et al. 2006, Robbe et 
al. 1987). The CARSPAN software program allows for discrete Fourier 
transformation of non-equidistant systolic BP and interbeat-interval-series. The 
analyzed time series were corrected for artifacts and checked for stationarity. RSA 
was defined as the high-frequency power (ms2) in the 0.15-0.40 Hz respiratory 
band. RSA is associated with the rhythmic fluctuations in HR caused by respiration 
and is an index of vagal activity (Berntson et al. 1997). BRS was defined as the mean 
modulus between systolic BP and interbeat-interval-series in the 0.07-0.14 Hz 
frequency band (ms/mmHg) with a coherence of more than 0.3. We have 
previously shown that use of coherence levels of 0.3 and 0.5 yield highly similar BRS 
values (Dietrich et al. 2006). A more detailed description of the cardiovascular data 
assessment, analysis, and variables is given by Dietrich et al. (2006).  
 
Statistical analysis  
RSA and BRS values were transformed to a normal distribution by taking their 
natural logarithm before analyzing them statistically. In addition, the temperament 
measures were transformed to a standard normal distribution (z-scores). Pearson’s 
correlation coefficients were calculated to determine correlations between the 
cardiovascular measures.  
To examine the effects of temperament on autonomic function, univariate 
and repeated-measures variance analyses (ANOVA’s) were performed for each 
cardiovascular variable (HR, RSA, BRS) separately, using respectively supine and 
both supine and standing cardiovascular measures as continuous dependent 
variables. Thus, difference scores between autonomic variables in supine and 
standing position (i.e., standing-induced autonomic reactivity) were actually 
calculated by repeated-measures ANOVA and used as dependent variables. Given 
the correlation between temperamental activation and inhibition (r=-.29), both 
temperament scales were entered as continuous independent variables into the 
model, and were thus adjusted for each other. Also, gender was included as an 
independent variable in the model, given the association with both temperament 
and cardiovascular measures  
(Dietrich et al. 2006, Oldehinkel et al. 2004). Additionally, two-way interactions 
between gender and temperament (gender*activation and gender*inhibition) were 




added, as literature suggested gender differences in the relation between 
psychological variables and autonomic function (Beauchaine 2001). We additionally 
explored temperamental activation*inhibition interactions, as both factors may 
augment or attenuate each other. When analyzing autonomic reactivity scores, we 
adjusted for baseline (supine) cardiovascular levels by including supine levels as 
independent covariates, in accordance with the law of initial values (Benjamin 1963). 
To further analyze significant gender-interactions, we repeated analyses stratified for 
gender.  
Previous analyses in the present study sample had not revealed associations 
between cardiovascular variables (HR, RSA, BRS) and body mass index, pubertal 
stage, physical activity level, alcohol and tobacco consumption, and socio-economic 
status (see also Dietrich et al. 2006). Hence, these factors were not considered as 
covariates in the present analyses. For the purpose of presentation of the continuous 
temperament scores, three groups of preadolescents with low (<1SD below 
mean), moderate (values >1SD below and <1SD above mean), and high (>1SD 
above mean) scores were composed (see figures). Mean values of the three groups 
were based on ANOVA’s and thus adjusted for covariates. P-values smaller than 
0.05 were considered statistically significant. Values have been given as mean+/-SD, 





Cardiovascular variables and Gender effects 
Table 2 presents gender-specific means and standard deviations of HR, RSA, and 
BRS measured in the supine and standing position. HR was significantly higher in the 
standing than in the supine position (F1,933=3006.4, p<.001, η
2=.763), whereas 
RSA (F1,933=1265.7, p<.001, η
2=.576) and BRS (F1,933=739.5, p<.001, η
2=.442) 
were significantly lower. Girls had higher supine HR values (F1,933=19.3, p<.001, 
η2=.020), but lower supine RSA (F1,933=10.0, p=.002, η
2=.011) and supine BRS 
values (F1,933=17.2, p<.001, η
2=.018) than boys. There was no gender effect 
regarding HR, RSA, and BRS reactivity.  
RSA was positively correlated with BRS in both the supine (r=.65, p<.001) 
and standing position (r=.71, p<.001). HR was inversely related to RSA and BRS, 
also in both the supine (RSA: r=-.63, p<.001; BRS: r=-.52, p<.001) and standing 
position (RSA: r=-.70, p<.001; BRS: r=-.67, p<.001). Furthermore, subjects with 
higher supine HR displayed lower HR reactivity (r=-.13, p<.001), whereas those 
with higher supine RSA and supine BRS showed increased RSA reactivity (i.e., 








Table 2. Gender-specific means and standard deviations of the  
cardiovascular variables. 




Boys (N=442)   
HR (bpm) 75.9 (10.5)  92.9 (13.5) 
RSA ln(ms2) 7.5 (1.3) 6.0 (1.3) 
BRS (ms/mmHg) 
BRS ln(ms/mmHg) 







HR (bpm) 79.3 (11.3) 95.6 (13.4) 















Temperament and autonomic function  
Temperamental activation 
Supine. Temperamental activation was negatively associated with HR (F1,933=12.7, 
p<.001, η2=.014; Figure 1), and positively with RSA (F1,933=7.7, p=.006, 
η2=.008; Figure 2) and BRS (F1,933=6.4, p=.012, η
2=.007; Figure 3).  
Reactivity. There was no relationship between temperamental activation and HR 
reactivity (F1,932=0.5, p=.465, η
2=.001), RSA reactivity (F1,932=0.5, p=.481, 
η2=.001), and BRS reactivity (F1,932=0.2, p=.636, η
2=.001).  
 
Temperamental inhibition  
Supine. Temperamental inhibition was not related to HR (F1,933=0.1, p=.857, 
η2=.001) and RSA (F1,933=0.8, p=.370, η
2=.001), but there was a significant 
gender-interaction between Temperamental inhibition and BRS (F1,933=4.6, 
p=.032, η2=.005). Subsequent gender-stratification showed a significant positive 
relationship between temperamental inhibition and BRS in girls (F1,492=9.6, p=.002, 
η2=.019) (Figure 4), but not in boys (F1,438=0.1, p=.956, η
2=.001).  
Reactivity. Temperamental inhibition was not related to HR reactivity (F1,932=0.8, 
p=.379, η2=.001), RSA reactivity (F1,932=2.4, p=.122, η
2=.003), nor BRS 




Notes: HR=heart rate; RSA=respiratory sinus arrhythmia 
power in the 0.15-0.40 Hz high-frequency band); 
BRS=baroreflex sensitivity (modulus in the 0.07-0.14 Hz low-
frequency band); ln=natural logarithm. Supine versus standing 
based on t-tests: all significant at p<.001; boys versus girls: 
supine all significant at p<.001; standing: HR and BRS 
significant at p<.01.  
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high-intensity pleasure 
Figure 1. Temperamental activation (high-intensity pleasure) 
versus supine heart rate (HR). To visualize the continuous 
temperament scores, three groups of preadolescents with low 
(<1SD below mean), moderate (values >1SD below and <1SD 
above mean), and high (>1SD above mean) scores were 
composed. The mean scores were adjusted for covariates. Error 
bars represent SE.  
Figure 2. Temperamental activation (high-intensity pleasure) 
versus supine respiratory sinus arrhythmia (RSA). Descriptions 
as in figure 1.  

























































































































































Figure 4. Temperamental inhibition (shyness) versus 
supine baroreflex sensitivity (BRS) in girls. 
Descriptions as in figure 1.  
Figure 3. Temperamental activation (high-intensity 
pleasure) versus supine baroreflex sensitivity (BRS). 
Descriptions as in figure 1.  






We studied the relationship between the two temperamental poles of activation 
(high-intensity pleasure) and inhibition (shyness) and autonomic function, as 
measured by HR, RSA, and BRS in preadolescents from a large population cohort. 
In contrast to our expectations, we did not find clearly different autonomic patterns 
to be associated with temperamental activation versus inhibition. Both 
temperamental dimensions appeared to have a link with increased dynamic 
autonomic regulation as reflected in increased RSA and BRS (temperamental 
inhibition in girls only). Moreover, temperamental activation was associated with 
autonomic underarousal as indicated by lower HR.   
It appeared that basal autonomic reactions to orthostatic challenge when 
adjusted for supine levels were not related to temperamental activation and 
inhibition, despite earlier reports suggesting a relationship between orthostatic stress 
and psychological variables (e.g., inhibition, depression, antisocial behavior) (Kagan et 
al. 1994, Mezzacappa et al. 1997,  Yeragani et al. 1991). Apparently, the present 
physiological stressor did not evoke autonomic responses in higher brain structures 
(e.g., amygdala), which are thought to be involved in emotion and behavior 
regulation, in contrast to psychological stressors (Kagan et al. 1988, Schwartz et al. 
2003). Rather, orthostatic challenge has been shown to engage predominantly brain 
stem systems and to trigger a basal, reflexive autonomic reaction (Berntson et al. 
2004).  
Our finding of a lower supine HR in relation to temperamental activation 
appeared to largely result from increased vagal activation, given the high correlation 
between HR and RSA (r=-.63) in the present sample, but may also partially be 
explained by decreased sympathetic activity (which was not measured in our study). 
The finding of a lower HR fits with the concept of autonomic underarousal 
associated with a stimulation-seeking trait (Raine 1996, Zuckerman 1990). States of 
autonomic underarousal are thought to be physiologically unpleasant and to lead to 
engagement in sensation-evoking behaviors in order to counterbalance the low 
levels of arousal (Raine 2002). Thus, HR does not only appear to be decreased in 
association with externalizing psychopathology (Ortiz & Raine 2004), but also with a 
stimulation-seeking temperament, which is thought to underlie externalizing 
behavior (Raine et al. 1998).   
A lower HR in relation to temperamental activation had previously been 
reported in infants and children (Raine 2002, Scarpa et al. 1997, Zuckerman 1990) 
but not in adults (Heponiemi et al. 2004, Knyazev et al. 2002). The present results 
indicate that an association between HR and stimulation-seeking is also present in 
preadolescents.  
Temperamental activation not only appeared to be positively associated 
with RSA, a well-established measure of vagal functioning, but also with BRS, in both 
boys and girls. Supine RSA and BRS were highly correlated (r=.65), reflecting the 
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largely, although not exclusively, vagal role of the baroreflex. Vagal activity supports 
restoration of health following threats or challenges (Porges et al. 1996). Porges et 
al. (1995, 1996) pointed to the regulatory function of parasympathetic activity 
serving as a vagal “brake” to promote physiological flexibility and adaptability to meet 
environmental demands. This may also be manifested in increased openness to new 
experiences and behavioral and emotional responsivity (Porges et al. 1994). The 
present findings point to increased dynamic and flexible autonomic regulation 
(Beauchaine 2001, Thayer & Brosschot 2005) and are in line with earlier reports 
linking increased vagal activity to a greater capacity for active engagement with the 
environment (Beauchaine 2001, Movius et al. 2005).    
Unexpectedly, neither HR nor RSA were related to temperamental 
inhibition in the present large preadolescent population cohort. Developmental 
changes in the maturation of the autonomic system and differentiation of 
temperament characteristics may play a role. Indeed, most studies that have 
reported increased HR and decreased RSA in relation to temperamental inhibition 
were conducted in infants and young children (Garcia Coll et al. 1984, Kagan et al. 
1987, Reznick et al. 1986, Scarpa et al. 1997), whereas studies that did not find a 
relationship between these measures and inhibition concerned mostly older children 
and adults (Brenner 2005, Heponiemi et al. 2004, Hofmann et al. 2005, Marshall et 
al. 1998,  Knyazev et al. 2002, Schmidt et al. 1999). These findings stress that HR 
and RSA may be related to inhibition primarily in infants and young children (Marshall 
et al. 2001). 
Interestingly, in our study, in girls BRS was positively associated with 
temperamental inhibition, whereas RSA was unrelated to it. While we can only 
speculate about reasons for this, we suspect that BRS (reflecting reflexive autonomic 
regulation) more sensitively reflects the balance between parasympathetic and 
sympathetic autonomic activity than does RSA (reflecting tonic autonomic control). 
Thus, our results further support the idea that BRS may be a sensitive and valuable 
measure of autonomic function in relation to psychological variables, as had been 
suggested previously (Virtanen et al. 2003).  
We know of one other study which reported a non-significant positive 
association between inhibition and vagal tone in men (Movius et al. 2005). The few 
studies in adults that have previously investigated the association between BRS and 
inhibition (i.e., pathological or trait anxiety), all have reported reduced as opposed to 
increased BRS values (Virtanen et al. 2003, Watkins et al. 1998, Watkins et al. 
1999). Adult samples (Virtanen et al. 2003, Watkins et al. 1998) may differ from 
children or adolescents in that third variables that are associated with inhibition (e.g., 
anxiety) may have influenced cardiovascular functioning during the life course, such 
as high blood pressure (or cardiovascular disease), alcohol and tobacco use, 
emotional illnesses like depression, which have all been related to decreased vagal 
functioning (see also Thayer et al. 2005). However, studies with infants and young 
children have also found lowered vagal function in association with inhibition (Garcia 
Coll et al. 1984,  Reznick et al. 1986).    




Conclusions   
In summary, this study points to a direct, albeit weak, association between 
temperamental activation (high-intensity pleasure) and lower HR in preadolescent 
boys and girls from a large population cohort. Moreover, temperamental activation 
was associated with increased RSA and BRS, pointing to increased vagal control of 
HR and better BP regulation. This increased autonomic regulation, which is 
expressed through variability in the dynamic and flexible relationship among system 
elements, has been associated with healthy (psychological and physiological) 
processes (Beauchaine 2001, Thayer et al. 2005). This autonomic profile may also 
promote the tendency towards engagement in activities with high intensities. 
 In addition, girls’ temperamental inhibition (shyness) was also linked to 
increased autonomic regulation as indicated by BRS, possibly suggesting that, at least 
in preadolescent girls, shyness may be a physiologically adaptive trait. It thus appears 
that higher scores on the temperamental poles of activation (in both boys and girls) 
and inhibition (in girls only) are associated with increased autonomic regulation. It 
should be noted, however, that the effect sizes were small, which may be partly 
explained by the less than perfect and variable measurement conditions as a 
consequence of the assessments at schools. Future studies are needed that shed 
more light on the relationship between autonomic function and temperament 
(inhibition, in particular), preferably at different points in the development. Overall, 
the results might indicate that individual differences in autonomic function play some 
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EXTERNALIZING AND INTERNALIZING 
PROBLEMS IN RELATION TO 
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Objective: To investigate whether externalizing and internalizing problems are 
related to lower and higher heart rate (HR), respectively, and to explore the 
relationship of these problems with respiratory sinus arrhythmia (RSA) and 
baroreflex sensitivity (BRS). Moreover, to study whether problems present at both 
preschool and preadolescent age show stronger associations with autonomic 
function than those that were not. Method: In a population cohort of 10-to-13-
year-old children (N=931; 11.6+/-0.5 yrs; 47% boys), autonomic measurements in 
supine and standing position were performed at school. RSA and BRS were 
determined by spectral analysis. Current externalizing and internalizing problems 
were assessed by the Child Behavior Checklist and problems at age 4-5 
retrospectively by the Preschool Behavior Questionnaire. Results: At supine rest, 
current externalizing problems were associated with lower HR and higher RSA, but 
not with BRS; current internalizing problems with higher HR and lower RSA, but not 
with BRS. These results were specifically found in children with problems that were 
retrospectively reported to have been also present at preschool age. Standing-
induced changes in autonomic parameters were unrelated to the behavioral 
dimensions. Conclusions: Externalizing and internalizing problems are associated 
with divergent autonomic patterns, suggesting autonomic underarousal and 
overarousal, respectively. Problems starting early in life might specifically account 









An extensive literature suggests an association between both externalizing and 
internalizing psychopathology and autonomic nervous system function in adults as 
well as in children (Beauchaine 2001, Lorber 2004, Ortiz & Raine 2004). One of 
the best-replicated biological correlates of child psychopathology is a lower resting 
heart rate (HR) in children with externalizing problems (Lorber 2004, Ortiz & Raine 
2004). This association has often been explained by theories of autonomic 
underarousal or fearlessness leading to sensation-seeking and disruptive behaviors 
(Ortiz & Raine 2004, Raine 1993).  
The relationship of resting HR with internalizing problems in children is less 
clear. Kagan et al. (1994) argued that increased autonomic activity (overarousal) may 
be characteristic of children who are prone to extreme fearfulness and withdrawal 
from unfamiliar situations, which is a risk factor for developing anxiety symptoms 
(Kagan & Snidman 1999). Indeed, the few available and often small-sized studies 
mostly reported increased resting HR in children with internalizing problems (Kagan 
et al. 1987, Kagan et al. 1988, Monk et al. 2001, Scarpa et al. 1997), although not 
universally so (Dorn et al., 2003,  Pine et al. 1998).  
HR reflects the balance between activity of the two main branches of the 
autonomic nervous system, the sympathetic and parasympathetic (vagal) divisions. 
Sympathetic activation aims to mobilize bodily resources to cope with threats or 
challenges. Parasympathetic influences promote restoration of health following 
threats or challenges, and are primarily associated with calm states. In resting states, 
HR is largely mediated by vagal tone, which functions to slow down HR (Jose 1966). 
Thus, in general, there is an inverse relationship between HR and vagal activity 
(Beauchaine 2001, Berntson et al. 1993).  
Respiratory sinus arrhythmia (RSA), a measure of the magnitude of rhythmic 
fluctuations in HR caused by respiration, is the preferred indicator of vagal activity 
(Beauchaine 2001, Berntson et al. 1993). Thus, high RSA is a marker of increased 
vagal tone. Baroreflex sensitivity (BRS), in contrast, is an integrated measure of both 
sympathetic and vagal activity. The baroreflex is a short-term blood pressure (BP) 
control mechanism; BRS reflects changes in beat-to-beat HR resulting from 
variations in BP. A reduced BRS is a well-known indicator of autonomic dysfunction.  
The relationship between vagal function and both externalizing and 
internalizing problems is still understudied and unclear (Lorber 2004, Scarpa & Raine 
2004). Given the inverse relationship between HR and vagal activity and the 
association between lower HR and externalizing psychopathology, higher vagal 
activity would be expected in children with externalizing problems (Scarpa & Raine 
2004), whereas in those with internalizing problems lower vagal activity would be 
expected as an explanation for their higher HR. Some studies found indeed a link 
between externalizing problems and increased vagal activity in children and adults 
(Cole et al. 1996, Scarpa & Ollendick 2003, Van Voorhees & Scarpa 2002), and 
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between internalizing problems and decreased vagal activity in children (Beauchaine 
2001, Kagan et al. 1987, Monk et al. 2001, Pine et al. 1998,  Rubin et al. 1997). 
However, most studies suggested lower vagal activity in children with externalizing 
problems, possibly indicating autonomic dysfunction (Beauchaine et al. 2001, 
Mezzacappa et al. 1997; Pine et al. 1996, Pine et al. 1998).  
Furthermore, studies investigating BRS in relation to externalizing and 
internalizing problems are lacking in children. In adults, a reduced BRS has been 
associated with depression and anxiety (Broadley et al. 2005, Virtanen et al. 2003). 
However, we know of only one study regarding the relationship between BRS and 
psychopathology in children, in which reduced BRS was linked to externalizing 
behavior (impulsiveness) in boys, but not in girls (Allen et al. 2000).  
Thus, despite a number of intriguing findings in favor of an association 
between behavior profiles and autonomic function, this field of research is still 
characterized by inconsistent and sometimes conflicting results. These 
inconsistencies may be explained by the use of mostly moderately-sized study 
samples and specific study populations (e.g., males only, or high-risk populations), 
thereby limiting generalizability of results.  
Autonomic reactions induced by orthostatic challenge have also been 
reported to be related to behavioral and emotional problems (Mezzacappa et al. 
1997, Yeragani et al. 1991). Compared to psychological stressors, orthostatic stress 
may have the advantage of reducing confounding influences in terms of anticipatory 
anxiety (Stein et al. 1992), and of being independent from the participant’s 
motivation, attention, and intellectual abilities. Therefore, we hypothesized that this 
basic, reflexive physical stressor could be a viable alternative to commonly used 
psychological stressors (such as public speaking or cognitive tests), the use of which 
is limited in large study samples for practical reasons. 
The primary goal of the current study was to examine the relationship 
between different autonomic indices (HR, RSA, BRS) and both externalizing (i.e., 
aggression, delinquency) and internalizing problems (i.e., anxiety, depression, 
somatic complaints), by using a large preadolescent community sample as part of an 
ongoing cohort study. As a secondary goal, we explored the validity of using 
autonomic nervous system reactions to orthostatic challenge (i.e., standing) as a 
marker of psychopathology.  
Our epidemiological design enabled us to determine the relevance of 
autonomic parameters in the general population, given the high statistical power 
associated with large samples and the possibility to study gender differences (Bauer 
et al. 2002, Fox et al. 2005). We were specifically interested in whether we could 
find a lower HR in children with externalizing problems and a higher HR in children 
with internalizing problems. Also, we examined whether both types of problem 
dimensions would be associated with an altered RSA and BRS, which had been 
understudied so far.  
Finally, we preliminarily investigated the possible relevance of problems that 
started early in life (based on retrospective report) in relation to autonomic function. 
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It might be argued that children with problems that begin early in life form an 
etiologically distinct group with specific biological features (Kagan & Snidman 1999). 
We expected that children with early starting problems would show stronger 







This study included 931 10-to-13-year-old Dutch children (47% boys; 11.6+/-0.5 
yrs, 93% Caucasian) who took part in the baseline assessment of the longitudinal 
cohort “TRacking Adolescents’ Individual Lives Survey” (TRAILS; total N=2,230). 
Using biennial assessments, TRAILS investigates the development of mental health 
from preadolescence into adulthood (until age 24), both at the level of 
psychopathology and the levels of underlying vulnerability and environmental risk.  
Participants were recruited through written invitations to parents and 
children of the required age range from five municipalities in the north of The 
Netherlands, including both urban and rural areas. Children from schools for special 
education within our catchment area were part of the study; however, children with 
mental retardation were excluded. A more detailed description of the sample 
selection procedures and sample characteristics of TRAILS has been given by de 
Winter et al. (2005). 
A subgroup of 1,868 (84%) from the 2,230 children participated in the 
autonomic measurements; not all children have been included, mainly because 
autonomic measurements started a few months after the TRAILS data collection had 
begun. This also explains why the present subsample is slightly older (11.6+/-0.5 
yrs) than the general TRAILS sample (11.1+/-0.6 years; t=38.6, p<.001). The 
1,868 autonomic measurements were checked according to quality criteria, 
resulting in 1,472 reliable supine and 1,129 reliable standing measurements that met 
our quality standards (described in detail by Dietrich et al. 2006). We included only 
children of whom reliable autonomic values in both the supine and standing 
positions (n=1027) as well as behavioral scores (931 out of these 1027) were 
available, to avoid bias due to differences in group sizes. Behavioral scores were 
missing when, for unknown reasons, parents did not return the survey. The present 
subsample (n=931) does not differ from the general TRAILS sample (n=2,230) 
regarding gender, body mass index (BMI), pubertal stage, and externalizing and 
internalizing problems.  
The mean BMI in the current sample was 18.9+/-3.1 kg/m2; 31.0% of the 
participants were in Tanner stage1 (preadolescence), 55.2% in stage 2 (early 
adolescence), 13.5% in stage 3 (middle adolescence), and 0.3% in stage 4 (late 
adolescence) (Tanner 1962). A more detailed description of the study population 
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that participated in the autonomic measurements has been reported elsewhere 
(Dietrich et al. 2006).  
Written informed consent was obtained from the children’s parents. All 
children voluntarily participated in the measurements, although no formal assent 
procedure has been followed for children. The study was approved by the National 
Dutch Medical Ethics Committee. 
 
Measures and Procedure 
Externalizing and internalizing problems 
Children’s current externalizing and internalizing problems were based on their 
parents’ responses to Child Behavior Checklist (CBCL/6-18; Achenbach & Rescorla 
2001). The CBCL allows for the determination of an externalizing (subscales 
‘aggression’ and ‘delinquency’) and internalizing (subscales ‘anxious/depressed’, 
‘withdrawn/depressed’, and ‘somatic complaints’) dimension. We used only parent-
based ratings for two reasons. First, we judged that the subjects’ preadolescent age 
would make them a less reliable source of information than their parents. Second, 
we aimed to compare subgroups of children with and without early problems, for 
which we had to rely on retrospective parent reports.  
Children’s externalizing and internalizing behavior at age 4 to 5 was 
assessed retrospectively by their parents, who compared their child’s behavior with 
that of other children (which we thought would more readily facilitate detection of 
behavioral deviations) on a 5-point Likert scale using the TRAILS Preschool Behavior 
Questionnaire (TPBQ). The TBPQ is non-validated, but was used given the lack of 
validated instruments that retrospectively assess children’s preschool behavior. The 
TPBQ externalizing subscale has 4 items (Cronbach’s alpha 0.70) assessing whether 
the child was ill-tempered, disobedient, bossy, and bullying, respectively. The 
internalizing subscale has 7 items (Cronbach’s alpha 0.80), on obsessive-compulsive 
behaviors, sadness, general anxiety, school anxiety, being bullied by other children, 
shyness, and being avoided by other children, respectively. Mean scores were 
computed for each CBCL and TPBQ problem dimension.  
 
Autonomic parameters  
Autonomic measurements were performed individually in a quiet room at school, 
generally in the morning (8.30 am-noon) and occasionally in the early afternoon 
(1.00-3.00 pm). Spontaneous fluctuations in continuous beat-to-beat systolic finger 
BP were measured non-invasively by the Portapres device. HR was registered by a 
three-lead electrocardiogram. Recordings did not start after a few minutes of supine 
rest and only after signals had reached a stabilized steady-state after circulatory 
readjustments of body fluid changes. Then, BP and HR signals were registered for 4 
minutes in the supine position during spontaneous breathing, followed by 2 minutes 
in the standing position, again after signals had stabilized.  
Calculation of RSA and BRS was performed by power spectral analysis using 
the transfer function technique as previously described (Dietrich et al. 2006, Robbe 
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et al. 1987). The CARSPAN software program allows for discrete Fourier 
transformation of non-equidistant systolic BP and interbeat-interval (IBI)-series. IBI 
refers to the time between two heart beats. The analyzed time series were 
corrected for artifacts and checked for stationarity. RSA was defined as the high-
frequency power (ms2) in the 0.15-0.40 Hz respiratory band. BRS was defined as 
the mean modulus between systolic BP and IBI in the 0.07-0.14 Hz frequency band 
(ms/mmHg) with a coherence of more than 0.3. We have previously shown that 
coherence levels of 0.3 and 0.5 yield highly similar BRS values (Dietrich et al. 2006). 
A more detailed description of the autonomic data assessment, analysis, and 
variables has been reported in our previous study (Dietrich et al. 2006).  
 
Statistical analysis  
To approximate a normal distribution, RSA and BRS values were transformed to 
their natural logarithm, and the TPBQ and CBCL scores to z-scores. Relationships 
between the autonomic variables were investigated by Pearson’s correlation 
coefficients. We performed two subsequent sets of analyses: (1) to study current 
externalizing and internalizing problems in relation to autonomic function, we used 
continuous CBCL scores, thus, without regarding preschool scores (TPBQ), and (2) 
to investigate the role of early starting problems, we compared three groups of 
children with either externalizing or internalizing problems, which were or were not 
present at preschool or preadolescent age. The groups were based on the median 
split of TPBQ and CBCL scores and described as 1. early starters (TPBQ>P50 and 
CBCL>P50), 2. current-only (TPBQ<P50 and CBCL>P50), and 3. controls 
(TPBQ<P50 and CBCL<P50). A fourth group with preschool but not current 
problems (TPBQ>P50 and CBCL<P50) was not included in the analyses, since we 
primarily aimed to investigate whether possible relationships between current CBCL 
problems and autonomic function could be specifically found in children with 
problems that were already present at preschool age, rather than to study the role 
of early problems per se.  
We used analyses of variance (ANOVA’s) for the two sets of analyses as 
described above. To analyze autonomic measures in the supine resting position, we 
conducted separate univariate ANOVA’s with each autonomic measure (HR, RSA, 
BRS) as the dependent variable, and gender, age, CBCL or TPBQ externalizing and 
internalizing problems, and gender-behavior-interactions as independent variables. 
By including both externalizing and internalizing problems, we adjusted for the 
influence of the other, given the correlations between both dimensions in our 
sample (TPBQ: Pearson’s r=.28; CBCL: Pearson’s r=.48). In case of a significant 
gender-behavior-interaction, we repeated the analyses stratified for gender. 
Bonferroni post-hoc corrections for multiple comparisons were applied.  
To analyze standing-induced autonomic reactivity scores (i.e., difference 
between supine and standing), we performed separate repeated-measures 
ANOVA’s for each autonomic measure in both the supine and standing positions 
(HR, RSA, BRS) as the dependent variables (thus, difference scores between 
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autonomic variables in supine and standing position were calculated within repeated-
measures ANOVA). In accordance with the law of initial values (Benjamin, 1963), 
we adjusted for baseline (supine) autonomic levels by including them as covariates. 
We applied the same procedure regarding the independent variables as described 
above.  
Exploratory analyses (correlational and multivariate) in this study sample did 
not reveal associations between autonomic variables and potential confounders, 
including BMI, pubertal stage, physical activity level, alcohol and tobacco 
consumption, socio-economic status, and physical health problems (i.e., diabetes 
mellitus, anemia, eczema, acne, and sinusitis), with the exception of allergies and 
asthma or bronchitis (see also Dietrich et al., 2006). Moreover, the results of this 
study remained unchanged after adjusting for these potential confounders in 
multivariate analyses. Hence, these factors were not considered further in this study.  
As a measure of strength of associations, we reported partial η2, which is 
comparable to r2, expressing the percentage explained variance when multiplied by 
100. In terms of Cohen’s criteria, effect sizes expressed as the percentage explained 
variance may be considered as small (1.0% to 5.8%, Cohen’s d=.20), medium 
(5.9% to 13.8%, Cohen’s d=.50), or large (> 13.9%, Cohen’s d=.80) (Cohen, 





Behavioral characteristics  
Table 1 shows gender-specific means and standard deviations of the externalizing 
and internalizing CBCL and TPBQ dimensions.  
 
 
TABLE 1. Externalizing and internalizing problems in boys and girls. 






Boys vs girls1 
 




















t=5.8       p<.001 
t=0.2       p=.883 
 
 
t=3.9        p<.001 
Internalizing  2.7 (0.6) 2.6 (0.6) t=1.5        p=.136 
Note: CBCL=Child Behavior Checklist; TPBQ=Preschool Behavior  
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Autonomic variables and gender effects 
Table 2 describes autonomic variables measured in the supine and standing 
positions. HR was significantly higher in the standing than in the supine position, 
whereas RSA and BRS were lower in the standing position. Girls had higher supine 
and standing HR, but lower supine RSA and lower supine and standing BRS than 
boys. There were no gender differences regarding autonomic reactivity scores.  
In both the supine and standing positions, HR was inversely related to both 
RSA (r=-.63, p<.001 and r=-.69, p<.001, respectively) and BRS (r=-.52, p<.001 
and r=-.66, p<.001, respectively). In addition, RSA was positively correlated with 
BRS in both the supine (r=.65, p<.001) and standing positions (r=.70, p<.001). 
Furthermore, children with higher supine HR displayed lower HR reactivity (r=-.13, 
p<.001), whereas children with higher supine RSA and supine BRS showed 
increased RSA reactivity (i.e., greater suppression of RSA, r=.48, p<.001) and BRS 
reactivity (r=.56, p<.001), respectively.  
 
 
TABLE 2. Autonomic variables measured in supine and standing positions. 




All children (N=931)   
HR (bpm) 77.7 (11.1) 94.3 (13.5) 
RSA ln(ms2) 7.3 (1.3) 6.0 (1.3) 




HR (bpm) 75.8 (10.5)  92.8 (13.4)  
RSA ln(ms2) 7.5 (1.3)  6.0 (1.3) 




HR (bpm) 79.4 (11.3)  95.7 (13.4)  
RSA ln(ms2) 7.2 (1.3)  5.9 (1.2) 
BRS ln(ms/mmHg) 2.5 (0.6) 2.0 (0.5) 
Note: HR=heart rate; RSA=respiratory sinus arrhythmia (0.15-0.40 Hz); BRS=baroreflex 
sensitivity (0.07-0.14 Hz). Posture and gender effects by Student’s t-tests. Supine versus 
standing: all significant at p<.001. Boys versus girls: supine: all significant at p<.001, 
standing: HR p<.001, RSA non-significant, BRS p<.010.  
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Externalizing and internalizing problems  
Externalizing problems  
Supine. Externalizing problems were negatively associated with HR (F1,926=6.5, 
p=.011, η2=.007) and positively with RSA (F1,926=3.9, p=0.048, η
2=.004), but 
unrelated to BRS (F1,926=0.1, p=.777, η
2=.001).  
Reactivity. Externalizing problems were not associated with HR reactivity 
(F1,925=0.7, p=.414, η
2=.001), RSA reactivity (F1,925=1.1, p=.285, η
2=.001), nor 
BRS reactivity (F1,925=0.5, p=.498, η
2=.001).  
 
Internalizing problems  
Supine. Internalizing problems were positively related to HR (F1,926=9.1, p=.010, 
η2=.010) and negatively to RSA (F1,926=11.9, p<.001, η
2=.013). There was no 
relationship with BRS (F1,926=0.4, p=.545, η
2=.001).  
Reactivity. Internalizing problems were not associated with HR reactivity 
(F1,925=0.4, p=.530, η
2=.001), RSA reactivity (F1,925=1.2, p=.279, η
2=.001), nor 




Early presence of externalizing and internalizing problems  
Tables 3 and 4 describe the results of group comparisons (‘early starters’ versus 




Supine. Children with early starting externalizing problems had lower HR than 
controls. In addition to the main effect, we found a gender-behavior interaction for 
both RSA and BRS. Subsequent gender-stratified analyses revealed significant effects 
for girls only. In girls with externalizing problems, RSA of early starters was higher 
than of the current-only group and of controls. Likewise, in girls, BRS of early 
starters was higher than of the current-only group and of controls.  
Reactivity.  There were no significant group differences between children with early 
starting, current-only, and no externalizing problems regarding all autonomic 
difference scores, i.e., HR reactivity (early starters: M=17.1, 95%CI=16.0–18.2; 
current-only: M=16.5, 95%CI=15.1–17.9; controls: M=16.2, 95%CI=15.0–
17.4; F(2,722)=0.8, p=.453, η
2=.002), RSA reactivity (early starters: M=-1.5, 
95%CI=-1.6–-1.4; current-only: M=-1.3, 95%CI=-1.5–-1.2; controls: M=-1.3, 
95%CI=-1.4–-1.2; F(2,722)=2.6, p=.075, η
2=.007), and BRS reactivity (early 
starters: M=-0.6, 95%CI=-0.6–-0.5; current-only: M=-0.5, 95%CI=-0.6–-0.4; 
controls: M=-0.5, 95%CI=-0.5–-0.4; F(2,722)=3.5, p=.032, η
2=.009, non-
significant after Bonferroni adjustment).  
 
 




TABLE 3. Externalizing problems with and without presence at preschool age in relation to 
autonomic supine scores.   
Note: HR=heart rate; RSA=respiratory sinus arrhythmia; BRS=baroreflex sensitivity; 
CI=confidence interval; ES=early starters (both preschool and current problems), 
CU=current-only, and CL=controls. Means represent estimated marginal means adjusted 
for covariates. Main effects of the behavioral dimension are described in the table. 
Df=2,722. aPairwise comparisons of group means followed by Bonferroni type I error 
adjustment. bIn addition to the main effect, there was a significant gender-behavior 
interaction (RSA: F=3.32,722, p=.037, η
2=.009; BRS: F2,722=3.0, p=.048, η
2=.008). 
Subsequent gender-stratification revealed significant effects for girls only (RSA: 
F2,373=9.7, p=.001, η
2=.049, ES>CU, ES>CL; BRS: F2,373=5.6, p=.004, η
2=.029, 
ES>CU, ES>CL). RSA in girls: early starters (n=124, M=7.6, 95%CI=7.4–7.8), current-
only (n=89, M=6.9, 95%CI=6.9–7.1), controls (n=166, M=7.1, 95%CI=6.9–7.3). BRS in 
girls: early starters (n=124, M=2.6, 95%CI=2.5–2.7), current-only (n=89, M=2.3, 
95%CI=2.2–2.4), controls (n=166, M=2.4, 95%CI=2.3–2.5). 
 
 
Internalizing problems  
Supine. Children with early starting internalizing problems demonstrated higher HR 
than children with current-only problems and controls. In addition, early starters 
showed lower RSA compared to controls. There were no group differences 
regarding BRS.  
Reactivity. No significant group effects were present for all three autonomic 
difference scores, i.e., HR reactivity (early starters: M=16.7, 95%CI=15.6–17.8; 
current-only: M=17.3, 95%CI=16.0–18.5; controls: M=16.2, 95%CI=15.0–
17.4; F(2,710)=0.7, p=.518, η
2=.002), RSA reactivity (early starters: M=-1.4, 
95%CI=-1.5–-1.3; current-only: M=-1.4, 95%CI=-1.5–-1.2; controls: M=-1.4, 
95%CI=-1.5–-1.2; F(2,710)=1.0, p=.529, η
2=.002), and BRS reactivity (early 
starters: M=-0.6, 95%CI=-0.6–-0.4; current-only: M=-0.5, 95%CI=-0.6–-0.4; 









































































TABLE 4. Internalizing problems with and without presence at preschool age in relation to  
autonomic supine scores. 





Current externalizing and internalizing problems in preadolescents were related to 
divergent autonomic patterns: externalizing problems were associated with 
decreased HR and increased vagal tone, and internalizing problems with increased 
HR and decreased vagal tone. Moreover, these associations between both problem 
dimensions and autonomic function were specifically found in children with 
behavioral and emotional problems retrospectively reported to have been already 
present early in the child’s development.  
Our finding of increased vagal activity associated with externalizing problems 
is in line with a few other studies that also used non-clinical, non-high-risk samples 
(Scarpa & Ollendick 2003, Slobodskaya et al. 1999), but contrasts with findings of 
decreased vagal activity associated with externalizing problems in selected groups 
(Mezzacappa et al. 1997,  Pine et al. 1998). This highlights the difference between 
behavioral problems in the general population and high-risk samples. In addition, in 
girls with early starting externalizing problems, we found an increased resting BRS, as 
compared to a reduced BRS in impulsive boys in the study of Allen et al. (2000). 
Resting BRS represents largely (although not exclusively) vagal activity, as reflected 
by the high correlation between resting RSA and BRS in our sample. The present 
findings of an increased RSA and BRS in combination with a lower HR also fits well 
with previous research in unselected population-based samples, in which RSA was 
inversely correlated with HR (r=.-60 to .-80), apparently helping to slow down HR 
(Berntson et al. 1993). Thus, it appears that a lower HR and increased RSA or BRS 
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community samples, which may be characterized by a relatively lower degree of 
behavioral problems compared to selected samples.  
Several other explanations for the contrasting findings regarding vagal tone 
in association with externalizing problems are possible. First, gender differences may 
play a role. We found an increased vagal activity in association with externalizing 
behavior primarily in girls, whereas most studies that reported decreased vagal 
activity were restricted to boys (Mezzacappa et al. 1997, Pine et al. 1998). This is of 
particular interest, given the known lower prevalence of externalizing behavior in 
girls in comparison to boys and the generally lower vagal tone in girls. Second, 
previous studies mostly did not control externalizing behavior for internalizing 
problems. Failing to do so may affect the relationship between vagal function and 
externalizing problems (Pine et al. 1996), since comorbidity between externalizing 
and internalizing problems is common (Bauer et al. 2002), and internalizing 
problems have been associated with reduced vagal activity (Monk et al. 2001). 
Finally, vagal activity may be differentially related to specific types of externalizing 
behavior (Scarpa & Raine 1997). In one study, lower HR and increased RSA were 
specifically related to proactive but not reactive aggression (Van Voorhees & Scarpa 
2002). Proactive aggression tends to be unemotional and goal-directed, whereas 
reactive aggression is emotional, impulsive, and defensive (Scarpa & Raine 1997). In 
line with this, higher vagal tone has been found to be associated with increased self-
regulation and decreased negative emotional arousal when confronted with 
moderate-to-high level stressors (Fabes & Eisenberg 1997), whereas lower vagal 
tone plays a role in emotional lability and negative affect (Porges et al. 1994). Thus, 
our results of reduced HR and increased vagal tone in relation to externalizing 
problems could be explained by the presence of a kind of externalizing behavior 
characterized by a high degree of emotion regulation and low levels of negative 
emotionality, which has been associated with increased vagal activity (Scarpa & Raine 
1997). Clearly, more research is needed to more fully understand the relationship 
between vagal function and externalizing psychopathology, preferably testing specific 
hypotheses regarding type and severity of externalizing symptoms.  
In accordance with the concept of autonomic overarousal, we found 
internalizing problems to be associated with increased resting HR (Kagan et al. 
1988, Kagan et al. 1994). Also, in keeping with the literature (Monk et al. 2001), 
internalizing problems were related to lower vagal tone, as indexed by RSA. This is 
consistent with the view that reduced vagal function reflects deficient emotion 
regulation (Porges et al. 1994). Decreased vagal activity has been tentatively linked 
to dysfunction of limbic brain structures, in particular the amygdala (Kagan et al. 
1988). Future studies could prospectively investigate whether children with 
internalizing problems combined with an autonomic profile characterized by a 
higher HR and lower RSA would be at increased risk for future anxiety disorders or 
depression.  
Internalizing problems, however, were unrelated to BRS in this sample. 
This is somewhat surprising, when regarding the present high correlation between 
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RSA and BRS, and the inverse relationship between RSA and internalizing problems. 
Compared to RSA, which is an index of vagal activity, BRS reflects both sympathetic 
and vagal activity. Thus, differences in sympathetic function in relation to internalizing 
problems may have played a role in explaining the present result. More research is 
needed to elucidate the relationship between BRS and internalizing problems, given 
the lack of studies in children and the inconclusive findings in adults (Broadley et al. 
2005, Virtanen et al. 2003, Volkers et al. 2004). Future studies might consider 
comparing different types of internalizing problems in relation to baroreflex function.  
Finally, we tested the hypothesis that psychological functioning is related to 
basic autonomic reactions to orthostatic challenge, as had been suggested previously 
(Mezzacappa et al. 1997, Yeragani et al. 1991). However, we found no relationship 
between children’s behavior profiles and autonomic reactivity scores. In contrast to 
most studies, we adjusted reactivity scores for baseline autonomic levels, in order to 
rule out the influence of initial baseline (supine) levels on the magnitude of difference 
scores (Beauchaine 2001, Benjamin 1963). The failure to control for initial values 
complicates a proper interpretation of the results of many previous studies 
(Beauchaine 2001). The present negative findings with regard to orthostatic 
challenge indicate that externalizing and internalizing problems are not linked with 
reflexive physiological processes at brainstem level, given that orthostatic stress 
predominantly engages brainstem systems (Berntson & Cacioppo 2004). In contrast, 
psychological stressors may induce activation of higher central brain structures, such 
as the limbic system or frontal cortex involved in behavior and emotion regulation 
(Kagan et al. 1988). Based on the present findings, we cannot recommend 




Participants’ age was restricted to preadolescence, which may limit generalization of 
findings to other age groups. Another weakness may have been the use of single 
informants (parent reports) rather than multiple informants (parent- and child 
reports) to assess externalizing and internalizing problems. However, given the 
exploratory nature of this study, and given that parents and children have been 
shown to rarely agree on the presence of diagnostic conditions, regardless of 
diagnostic type (Jensen et al. 1999), we thought it best to use only one source of 
information to assess psychopathology, and judged parents to be the most reliable 
source. However, in relying on parent reports, we may have underestimated 
children’s internalizing problems, since parents may not be fully aware of their child’s 
anxiety or depressive symptoms, especially when children approach adolescence. 
Future studies may certainly use multiple informants to increase diagnostic reliability.  
Another limitation of this study was that children’s preschool problems were 
determined in retrospect by a non-validated instrument. Bias by current state may 
be involved, i.e., parents of children with more severe current problems may have 
been more likely to report early problems, whether they were or were not 
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present. Thus, early problems may have been overrated. Hence, the results 
regarding the role of early problems in relation to autonomic function should be 
regarded as preliminary and await confirmation in prospective studies. Furthermore, 
the current results do not allow inferences about causality. In theory, behavioral and 
emotional problems may either result from or influence autonomic function, or 
underlying factors may independently determine behavior as well as autonomic 
function.  
Finally, data were not collected in standardized laboratory conditions, but at 
schools. This may have contributed to the large inter-individual differences in 
autonomic measures that may partly explain the small effect sizes. However, these 
small effect sizes should also be seen in the light of the use of a large population 
cohort, with rather nonspecific and relatively mild levels of behavioral and emotional 
problems. Larger effect sizes may be expected in clinical groups with more severe 
levels of psychopathology.  
 
Clinical Implications 
In conclusion, the present large preadolescent population study confirms earlier 
smaller-scale investigations that had pointed to an association between autonomic 
underarousal and externalizing problems as well as between autonomic overarousal 
and internalizing problems. Moreover, it provides new, if preliminary evidence that 
problems starting early in children’s development may specifically account for these 
associations. The latter possibility should certainly be the focus of future, preferably 
prospective, research.  
The present findings may serve clinicians to better understand children’s 
externalizing and internalizing problems: autonomic underarousal may facilitate risk-
taking and disruptive behavior, whereas autonomic overarousal may play a role in 
behavioral withdrawal. 
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Despite extensive use of autonomic measures in children, short-term reproducibility 
of these measures is not well-known. Therefore, we investigated day-to-day 
reproducibility of continuous non-invasive autonomic measurements in supine and 
standing positions in 17 10-to-13-year-old children. Spectral measures were 
calculated in the low (LF, 0.07-0.14 Hz) and high frequency (HF, 0.15-0.50 Hz) 
band. Measures included heart rate (HR), heart rate variability (HRV-LF, HRV-HF), 
systolic blood pressure (SBP), blood pressure variability (BPV), and baroreflex 
sensitivity (BRS). Reproducibility between sessions was evaluated by test-retest 
correlations, coefficients of variation (CV), and Bland-Altman plots. HR related 
measures were moderately-to-highly reproducible (r=.55-.88; CV=4.5%-9.4%) 
and can therefore be reliably used in (pre)adolescents. SBP, BPV and BRS showed 
poor-to-moderate reproducibility (r=.35-.71; CV=10%-16%). Results caution 
against the use of standing-induced autonomic reactivity scores given insufficient 









In children, autonomic measures of cardiac functioning, such as heart rate (HR) and 
heart rate variability (HRV), have been used extensively in psychophysiological 
research and are also applied in pediatric medicine. For example, HRV has been 
associated with a wide range of behavioral and emotional variables (e.g., emotional 
expressivity, social skills, psychopathology) (Beauchaine 2001, Ortiz & Raine 2004), 
as well as with cardiac diseases in children (Massin & von Bernuth 1998).  
Spectral analysis of HR patterns has often been applied to gain more insight 
in the underlying activity of the autonomic nervous system. For instance, HRV can 
be studied as a function of frequency in both the low frequency (HRV-LF, generally 
0.04-0.14 Hz) and the high frequency band (HRV-HF, generally 0.15-0.40 Hz). 
Other, less well-studied autonomic measures are blood pressure (BP) and blood 
pressure variability (BPV). In children, baroreflex sensitivity (BRS) has gained 
increased attention recently as a measure of short-term blood pressure control 
(Allen et al. 2000, Althaus et al. 2004, Dalla et al. 2006, Dietrich et al. 2006).  
Studies investigating the short-term reproducibility of autonomic measures 
have rarely been conducted in children. A review of the sparse literature shows that 
some studies reported satisfactory reproducibility, while other studies indicated poor 
reproducibility. Alkon et al. (2003) found strong test-retest reliability of resting HR 
(r=.79) and HRV-HF (r=.74) in 11 four-to-eight-year-old children. Also, Doussard-
Roosevelt et al. (2003) demonstrated moderate week-to-week stability of HR 
(r=.48) and HRV-HF (r=.58) in 30 five-to-six-year-old children, based on mean 
correlations across three measurements in sitting position within a period of four 
weeks. In addition, intraclass correlations of HR (r=.51 to .78) and systolic blood 
pressure (SBP, r=.57 to .78) between two sessions within one- to two-weeks in 20 
seven-to-nine-year-old girls appeared to be moderately high in Turley's study 
(2005). Furthermore, we know of one study on the reproducibility of BRS 
measured in the supine position in 20 children and adolescents, indicating good 
within-session reproducibility [coefficient of variation (CV) 21% to 24%] (Rüdiger & 
Bald 2001). 
  In contrast to these promising findings, Winsley et al. (2003) reported weak 
reproducibility of HRV-LF (r=.14 to .37; CV 33%-142%) and HRV-HF (r=.26 to 
.76; CV 35%-143%) in 12 children aged 11-to-12 years with data that were 
collected on two separate days in the supine position and during light exercise. Also 
Tanaka et al. (1998) concluded poor short-term reproducibility of HRV-LF and 
HRV-HF in the supine position (CV 29%-31%) and of BPV in the supine and 
standing positions (CV 29% and 19%, respectively) in nine healthy controls with a 
mean age of 14.5 years.  
The reproducibility of autonomic reactivity scores (∆) to different types of 
stressors is also unclear in children. One study reported moderate bi-weekly test-
retest correlations of ∆ HR (r=.39) and ∆ HRV-HF (r=.62), in response to 




psychological and physical stressors in 11 four-to-eight-year-old children (Alkon et 
al. 2003), whereas another study showed overall insufficient reproducibility of ∆ HR 
(r=.13 to .64) and ∆ HRV-HF (r=-.08 to .40) as a reaction to psychological stress 
in five-to-six-year-old children (Doussard-Roosevelt et al. 2003). Thus, the few 
studies on the short-term reproducibility of autonomic measures in children show 
inconclusive findings, with generally moderate reproducibility at best.  
Most pediatric reproducibility studies used primarily correlational analyses 
when assessing reproducibility, which may hamper a proper interpretation of results 
(Sandercock, 2004). Correlation coefficients do not necessarily reflect agreement 
between test and retest measurements (Bland & Altman 1986, Hopkins 2000). In 
addition, correlation coefficients are sensitive to outliers, which may erroneously 
decrease or increase these coefficients. As another measure of reproducibility have 
comparison of means frequently been applied. However, this should only be 
regarded as a rough way of studying reproducibility, since individual scores may still 
vary greatly, even when mean group scores do not differ on repeated measurement 
occasions.  
To summarize, studies on the short-term reproducibility of autonomic 
measures are sparse in the pediatric literature and findings are inconclusive, which 
may partly result from the use of rather limited statistical methods to assess 
reproducibility. In addition, most reproducibility studies focused on resting measures 
of HR and HRV. Data on the reproducibility of other autonomic indices and on 
indices in non-resting conditions are rare in children.  
A satisfactory test-retest reliability of autonomic indices is a prerequisite for a 
proper interpretation of clinical and research findings. Therefore, the aim of this 
study was to investigate short-term reproducibility of a number of important 
autonomic measures in 10-to-13-year-old children, using multiple complementary 
statistical methods. We were specifically interested in this age range, given our large-
scale studies on autonomic functioning in this age group (Dietrich et al. 2006, 
Dietrich et al. in press). As autonomic measures, we included HR, HRV in the low 
and high frequency band, SBP, and BPV and BRS in the low frequency band, based 
on short-term non-invasive measurements in the supine and standing positions. In 
addition, we calculated reacitivity (∆) scores. The orthostatic stress test is a well-
known and easily applicable paradigm to measure autonomic (dys)function. 
Reproducibility was investigated by comparison of means, correlation coefficients, 






Subjects were recruited from one elementary school in the North of the 
Netherlands. The study’s aim and procedure were explained by a research assistant 
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in front of one classroom of 17 pupils. Then, children and their parents were each 
invited by letter to participate in this study. All children’s parents provided written 
informed consent. Children could state on a form if they were not be willing to 
participate in this study and return this form to their teacher. Seventeen 10-to-13-
year-old elementary school children [11.6+/-0.9 years; 9 (52.9 %) boys] 
participated in this study. Subjects were asked not to engage in strenuous physical 
activities 24 hours prior to the measurements. The study was approved by the 
National Dutch Medical Ethics Committee.  
Mean height and weight of the children were 152.5+/-5.9 cm (range 
144.8-164.0 cm) and 45.0+/-9.2 kg (range 31.5-61.0 kg), respectively. Mean body 
mass index (BMI) was 19.2+/-2.9 kg/m2 (range 15.0-23.6 kg/m2). Two of the 
children used medication for asthma, one for allergies, and one for migraine. Three 
of the children had a cold on the days of measurements and one child had a 
headache on one day, but this did not interfere with their willingness to participate in 
the measurements.  
 
Instruments 
A three-lead electrocardiogram was used to register inter-beat-intervals (IBI, ms), 
referring to the time period between heart beats. Spontaneous fluctuations in finger 
blood pressure (BP) were recorded non-invasively and continuously using the 
Portapres device (FMS Finapres Medical Systems BV, Amsterdam, the Netherlands). 
BP recordings by Finapres have been validated in children by Tanaka et al. (1994a). 
Recordings were digitized (sampling rate 100 Hz, using a DAS-12 data acquisition 
card for notebooks, Keithley Instruments, Cleveland, Ohio, USA) and stored on 
hard disk for off-line analysis.  
 
Procedure 
Most subjects were examined between 9.00 AM and noon (N=13), but some 
between 12.30 PM and 3.00 PM (N=4), all in a private and quiet room at school at 
day room temperature. At the start of the first assessment day, subject’s height and 
weight were measured with standardized instruments. A cuff was fixed around the 
middle phalanx of the third finger on the non-dominant hand to measure BP while 
HR was registered by an electrocardiogram. While the children were in the supine 
position the procedure was explained to them. They were encouraged to relax and 
asked not to move or speak during data acquisition. Recordings did not start until 
circulatory readjustments of body fluid changes were completed and signals had 
reached a stabilized steady-state, generally within one to three minutes, in 
accordance with Tanaka et al. (1994b). Then, BP and HR signals were recorded in 
the supine position during an average period of 4.5 minutes, followed by the 
standing position during 3.3 minutes on the average, again after signals had 
stabilized. Breathing rate was uncontrolled. Exactly the same procedure for the 




autonomic measures was pursued on the next day, at approximately the same time 
of day. 
 
Calculation of autonomic variables 
HR in beats per minute (bpm) was calculated as 60,000 divided by mean IBI (ms). 
HRV and BPV power, and BRS were based on power spectral analysis using the 
transfer function technique as previously described (Dietrich et al. 2006, Robbe et 
al. 1987). The CARSPAN software program allows for discrete Fourier 
transformation of non-equidistant SBP and IBI-series. The analyzed time series were 
visually checked for stationarity and corrected for artifacts. The power of BPV 
(mmHg2) and HRV-LF (ms2) were described in the low frequency band (LF, 0.07-
0.14 Hz). HRV-HF (ms2) was defined as the high-frequency (HF) power in the 
0.15-0.50 Hz band. BRS (ms/mmHg) reflects beat-to-beat HR changes caused by 
BP changes and was calculated as the mean modulus between IBI and SBP in the 
0.07-0.14 Hz frequency band with a coherence of more than 0.3. We have 
previously shown that coherence levels of 0.3 and 0.5 yield highly similar BRS values 
(Dietrich et al. 2006). It has been demonstrated that the narrow band around 0.10 
Hz is a valid band for determining changes in short-term BP regulation and that the 
frequency range above 0.07 Hz is sufficient for the determination of BRS, since 
coherence may be insufficient in lower frequency ranges (Robbe et al. 1987, van 
Roon et al. 2004). Furthermore, we set a minimal limit of 100 successive seconds of 
acceptable signal recordings for calculation of spectral measures. In our previous 
study, we demonstrated the reliability of 100-second-intervals compared to 200-
second-intervals (Dietrich et al. 2006).    
 
Statistical Analysis 
To approximate a normal distribution, we transformed BPV, HRV-LF, HRV-HF, and 
BRS values to their natural logarithm before entering them in statistical analyses. To 
facilitate comparability of BRS values with those presented in the literature, we also 
present untransformed values of BRS. Reactivity (∆) scores were calculated by 
subtracting values measured in the supine position from those in the standing 
position. Posture effects (i.e., supine versus standing) of the autonomic measures 
were investigated by Student’s paired t-tests.  
To indicate reproducibility, group means of all autonomic variables (supine, 
standing, ∆) derived from both test and retest sessions were first compared by 
Student’s paired t-tests. Second, Pearson’s correlation coefficients were used to 
compute test-retest correlations, which provide information on the strength of the 
relationship (we additionally calculated Spearman’s rho to reduce the possible 
influence of extreme values on correlation coefficients). A correlation between 0.8-
1.0 is usually considered as high, between 0.5-0.7 as moderate, and lower than 0.4 
as poor, although limits are arbitrary. The probability level for statistical significance 
was set at 0.05.  
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 Third, coefficients of variation (CV) were calculated for each autonomic 
variable (supine, standing, ∆) by dividing the group mean of the within-subjects 
standard deviation (SD) by the group mean of the average autonomic values of both 
measurement days [SDwithin-subjects/M(day1 + day2)/2 * 100]. Although arbitrary, a CV of less 
than 10% is generally regarded as reflecting high reproducibility, of around 15% as 
moderate (see also Iellamo et al. 1996).  
Finally, we presented Bland & Altman plots to estimate agreement between 
both measurement sessions (Bland & Altman 1986; R Development Core Team 
2006). The Bland & Altman plot is a graphical method in which differences within 
each pair of repeated measurements on single subjects [day 2 – day 1] are plotted 
against the average of the two measurements [(day 1 + day 2)/2]. A horizontal line 
represents the mean difference between the repeated measurements and is 
expected to be zero, since the same method was used. Limits of agreement define 
the range within which 95% of the differences between two measurements will fall. 
Whether the limits are acceptable is largely a matter of judgment and depends on 
the purpose for which the measurements are used. Also, the plot may be used to 
check for bias in difference scores that may vary systematically over the range of 
mean values.  
 Reproducibility of values should at least be moderate. We define sufficient 
reliability as follows: (1) no significant differences in group means across 
measurements, (2) test-retest correlations > .5, (3) CV < 15%, (4) Bland & Altman 
plots show mean differences close to zero and the range of the limits of agreement 





Availability of autonomic variables  
Of 408 possible observations across all autonomic variables (i.e., HR, HRV-LF, 
HRV-HF, SBP, BPV, BRS) for the 17 subjects who were measured in the supine and 
standing positions on two consecutive days (6 variables x 17 subjects x 2 positions x 
2 days), 36 (8.8%) were missing. Reasons included failure of signal registration (12 
observations), recordings consisting of less than 100 successive seconds of reliable 
signals (6 observations), observations containing more than 10% of interpolations of 
BP values and/or too many artifacts (e.g., showing signal gaps of more than 10 
seconds of SBP signals and/or more than 5 seconds of IBI’s; no extra-systoles were 
found) (15 observations), and observations based on fewer than three frequency 
points in the low frequency range (3 observations).    
 
Description of autonomic variables  
Table 1 shows descriptive statistics of the autonomic variables measured in the 
supine and standing positions, and of ∆ scores on two consecutive days. On both 




days, HR, SBP, and BPV were significantly higher in the standing than in the supine 
position, whereas HRV-HF and BRS were lower. HRV-LF did not significantly differ 
between postures.  
 
Reproducibility  
Comparison of means  
Mean values of all autonomic variables measured in both the supine and standing 
positions on day 1 did not differ significantly from mean values on day 2, indicating 
comparable mean values on test and retest sessions (table 1). Of note, between-day 
differences in HRV-LF (t=-1.9, p=0.072) and SBP (t=2.0, p=0.069) measured in 
the standing position approached significance, i.e., showing a trend for non-
reproducible mean values. With the exception of ∆ SBP (t=4.1, p=0.002), all 
mean ∆ scores of day 1 did not differ significantly from day 2. Thus, overall results 
generally indicate no significant differences in mean values from test to retest 
sessions for autonomic variables in the supine and standing positions and for ∆ 
scores.  
 
Test-retest correlations  
Table 2 describes test-retest correlations between autonomic variables measured 
on two consecutive days, in both the supine and standing positions and of ∆ scores. 
In the supine position, all HR variables (i.e., HR, HRV-LF, HRV-HF) demonstrated 
statistically significant moderate-to-high test-retest correlations (r=.55 to .88), 
whereas correlations regarding SBP, BPV, and BRS were poor-to-moderate, but 
non-significant in the supine position (r=.35 to .45). Additional analyses with 
Spearman’s rho showed a statistically significant moderate correlation coefficient for 
supine BRS; all other results were nearly identical. In the standing position, all 
autonomic variables showed significant moderately high test-retest correlations 
(r=.55 to .72). However, ∆ scores yielded only non-significant test-retest 
correlations which were poor-to-moderate (r=-.20 to .45), with the only exception 
of ∆ HRV-HF (r=.66, p=0.007). Also, ∆ HR showed a trend for significance 
(r=.66, p=0.096). Thus, overall, test-retest correlations appeared satisfactory, 
except supine BP variables and most ∆ scores.   
  
Table 1. Means, SD, and ranges of autonomic variables measured in the supine and standing positions, and of ∆ scores (standing minus 
supine) on two consecutive days.  
Supine 


























71.3 (7.26)  
(54.3–80.9) 
92.7 (9.3)  
(76.5–108.3) 
21.4 (8.4)  
(9.2–39.6) 
70.3 (8.8)  
(56.8–85.7) 
94.0 (15.0)  
(68.9–132.6) 




7.0 (1.0)  
(4.3–8.3) 
7.1 (0.7)  
(5.6–8.2) 
0.1 (1.1)  
(-2.0–2.1) 
7.2 (0.8)  
(5.9–8.6) 
7.5 (0.7)  
(6.6–8.7) 




7.9 (1.1)  
(5.9–9.8) 
6.4 (0.8)  
(5.1–7.9) 
-1.5 (1.1)  
(-4.3–-0.3) 
8.0 (1.1)  
(5.6–9.3) 
6.7 (1.0)  
(4.8–8.2) 




97.7 (18.9)  
(73.4–130.2) 
117.4 (15.9)  
(87.6–142.1) 
19.7 (14.8)  
(-5.4–48.6) 
93.4 (16.7)  
(68.1–121.4) 
127.1 (22.9)  
(88.5–162.6) 




4.5 (0.6)  
(3.7–5.5) 
4.9 (0.7)  
(3.7–6.1) 
0.4 (0.8)  
(-0.5–2.5) 
4.7 (0.7)  
(3.6–6.1) 
5.3 (0.8)  
(3.8–6.5) 





























Notes: HR=heart rate; HRV-LF=low frequency heart rate variability (0.07-0.14 Hz); ln=natural logarithm; HRV-HF=high frequency heart 
rate variability (0.15-0.50 Hz); SBP=systolic blood pressure; BPV=blood pressure variability (0.07-0.14 Hz); BRS=baroreflex sensitivity 
(0.07-0.14 Hz); ∆=Standing minus supine values; N=9 to 16; Supine versus standing: all significant at p<0.001, except BPV day 2 
p<0.05 and HRV-LF on both days non-significant. Day 1 versus day 2: all non-significant, except ∆ SBP (p=0.002). 




Coefficients of variation (CV) 
CVs are given in table 2. The lowest CVs (indicating best reproducibility) were found 
for all HR variables (i.e., HR, HRV-LF, HRV-HF) in both the supine and standing 
positions (4.5% to 9.4%), with slightly lower CVs for HR and HRV-HF in the supine 
than the standing position. This points to high overall reproducibility. In contrast, 
CVs of SBP, BPV, and BRS were about twice as high as the CVs of HR variables in 
both the supine and standing positions (10% to 16%), which still indicates moderate 
reproducibility. However, CVs of ∆ scores demonstrated poor-to-insufficient 
reproducibility (36% to 315%).  
 
Table 2. Test-retest correlations (Pearson’s r) between autonomic variables measured 
 on day 1 versus day 2, and coefficients of variation (CV) of variables measured in the  
 supine and standing positions, and of ∆ scores.  
        Supine  Standing                ∆   
r         p CV (%) r        p CV (%) r        p CV (%) 
HR  
(bpm) 
.69  .003 6.3% .55  .034 9.4% .45  .096 36.2% 
HRV-LF 
ln(ms2) 
.55  .029 8.9% .66  .008 6.2% .30  .269 315.3% 
HRV-HF 
ln(ms2) 
.88  .001 4.5% .72  .002 7.7% .66  .007 44.6% 
SBP 
 (mmHg) 
.45  .090 13.8% .69  .008 10.0% .43  .158 59.2% 
BPV 
ln(mmHg2) 
.35  .208 16.1% .62  .024 11.2% .07  .805 141.5% 
BRS 
ln(ms/mmHg) 
.35  .2641 12.6% .71  .007 14.9% -.20 .605 75.3% 
Notes: HR=heart rate; HRV-LF=low frequency heart rate variability (0.07-0.14 Hz); 
ln=natural logarithm; HRV-HF=high frequency heart rate variability (0.15-0.50 Hz); 
SBP=systolic blood pressure; BPV=blood pressure variability (0.07-0.14 Hz); 
BRS=baroreflex sensitivity (0.07-0.14 Hz); ∆=Standing minus supine values; Supine and 
standing N=13 to 16, ∆ N=9 to 15; 1Spearman’s rho=.59, p=0.042. Significant 
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Bland & Altman plots  
Figure 1 presents Bland & Altman plots for all autonomic measures in both the 
supine and standing positions, and for ∆ scores. The plots demonstrate that the 
mean difference is close to zero for most variables, indicating satisfactory 
reproducibility (only the mean difference of supine and standing SBP and ∆ HR 
deviate slightly from zero). Limits of agreement are higher for HR and HRV-HF in 
the standing than in the supine position, thus reflecting a higher degree of variability 
of difference scores in the standing position. Conversely, the limits of agreement of 
SBP, BPV, and BRS appear lower in the standing than in the supine position, 
suggesting lower variability in the standing position. Some bias appears to exist 
regarding BRS in both positions; across the range of lower BRS values difference 
scores appear larger and more variable than across the range of higher BRS. 
Overall, when considering absolute ranges of limits of agreement, all variables 
measured in the supine and standing positions are satisfactorily reproducible. In 
contrast, ranges of limits of agreement of ∆ scores appeared to be unacceptably 
high.   
 
 
Figure 1. Bland & Altman plots for heart rate (HR), heart rate variability in the low (HRV-
LF) and high frequency band (HRV-HF), systolic blood pressure (SBP), blood pressure 
variability (BPV), and baroreflex sensitivity (BRS) (a) in supine position, (b) in standing 
position, and (c) regarding ∆ (standing minus supine) scores. HRV, BPV, and BRS are ln-
transformed. Mean=average scores of both measurements [(day 1 + day 2)/2]. 
Difference=difference within each pair of measurement [day 2 – day 1]. The bold line and 
number attached to it shows the mean difference score. Dashed lines and numbers 
attached to it represent the mean difference +/- 1.96 SD, or 95% limits of agreement.   
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Overall, the present study indicates sufficient day-to-day reproducibility of the time 
domain measures HR and SBP, and the spectral measures HRV-LF, HRV-HF, BPV, 
and BRS. The degree of test-retest reproducibility varied considerably between the 
different autonomic measures, with heart rate variables generally demonstrating 
larger reproducibility than measures related to blood pressure and baroreflex 
function. Moreover, posture (i.e., supine versus standing) appeared to influence the 
level of reproducibility. Finally, an important finding of this study is the insufficient 
reproducibility of standing-induced reactivity or ∆ scores (i.e., calculated as standing 
minus supine values). 
 
Reproducibility of variables related to heart rate  
Reproducibility of HR in the supine and standing positions was moderate-to-high 
according to the magnitude of CVs and Bland & Altman plots, with correlation 
coefficients remarkably similar to two previous studies on HR reproducibility in 
children. Turley (2005) found moderately high intraclass correlations of HR (r=.51 
to .78) between two sessions within one week in 20 seven-to-nine-year-old girls 
and Doussard-Roosevelt et al. (2003) a HR test-retest correlation coefficient of 
r=.48 in 30 five-to-six-year-olds. In addition, Alkon et al. (2003) reported strong 
test-retest reliability of resting HR (r=.79) in 11 four-to-eight-year-old children.  
HRV-HF yielded the best reproducibility in our study, being highly 
reproducible in both the supine and standing positions. This is in accordance with 
previous adult studies, which also reported better reproducibility of autonomic 
measures in the HF than the LF band (Lobnig et al. 2003; see Sandercock et al. 
2005). In children, also Alkon et al. (2003) provided evidence of good stability of 
HRV-HF (r=.74) and Doussard-Roosevelt et al. (2003) reported at least moderate 
stability of HRV-HF (r=.58). In contrast, Winsley et al. (2003) found insufficient 
reproducibility of HRV in both the LF-band (r=.14 to .37; CV 33% to 142%) and 
HF-band (r=.26 to .76; CV 35% to 143%) in 12 children aged 11-to-12 years. 
Also, Tanaka et al. (1998) concluded poor short-term reproducibility of HRV-LF and 
HRV-HF in the supine position (CV 31% and 29%, respectively) in nine healthy 
controls with a mean age of 14.5 years. However, the sample size of the latter two 
studies was quite small. Excessive exercise on the days before data collection may 
have contributed to the more pronounced day-to-day variations in previous studies 
in comparison to the present study (Winsley et al. 2003).  
The excellent reproducibility of HRV-HF compared to the other autonomic 
measures might be understood by the fact that it is a specific index of 
parasympathetic activity in comparison to the more complex and integrated 
autonomic measures that reflect both parasympathetic and sympathetic activity (e.g., 
HRV-LF, BRS) (Alkon et al. 2003).  




Interestingly, reproducibility of measurements related to heart rate 
appeared to be generally better in the supine than in the standing position in our 
study. This is in line with the conclusions of the review of Sandercock et al. (2005) 
on the reliability of HRV, which generally turned out to be worse in stimulated (e.g., 
during tilt) than in resting conditions. This finding might be understood by the fact 
that vagal activity predominates in resting situations and that HRV (in the high 
frequency band) is primarily an index of vagal activity. It is plausible that increased 
sympathetic activity during orthostatic challenge introduces noise and variability to 
this vagal index, making it less reproducible in a non-resting situation. Conversely, 
HRV in the low frequency band showed better reproducibility in the standing than in 
the supine position. The low frequency band is known also to be influenced by 
sympathetic activity. Measures of the low frequency band (as well as BP, which is 
largely sympathetically driven) might thus be more sensitive to sympathetic 
influences which predominate in the standing position and therefore be better 
reproducible in a non-resting condition.  
 
Reproducibility of blood pressure variables and baroreflex 
sensitivity 
Measures related to blood pressure (i.e., SBP, BPV) and baroreflex function showed 
poor-to-moderate reproducibility in the supine position and moderate 
reproducibility in the standing position. Thus, these measures show better 
reproducibility in the standing than the supine position, which is in line with other 
studies regarding the reliability of supine (CV 29%) versus standing (CV 19%) BPV in 
children (Tanaka et al. 1998) and of supine versus standing BRS in adults (Iellamo et 
al. 1996, Herpin & Ragot 1997). Such findings may appear somewhat 
counterintuitive, since it is known that recordings in the standing position may be 
accompanied by a decrease in stationarity (e.g., by increased muscle activity or other 
disturbing movements) compared to supine measurements, probably introducing 
measurement error which may negatively affect reliability of recordings. Again, an 
explanation for the present posture effect might be found in the predominance of 
sympathetic activity during orthostatic challenge (Chapleau 2005).    
The lower level of reproducibility of blood pressure variables and BRS 
compared to heart rate variables in this study may on one hand reflect larger intrinsic 
biological variation of measures related to blood pressure, but may also result from 
measurement-related errors. The larger variability in SBP scores derived from 
Finapres or Portapres recordings in comparison to clinical BP assessments forms a 
good illustration of the potential influence of the applied measurement method 
(Dawson et al. 1997).   
The moderate reproducibility of BRS can be explained by the fact that it is a 
compound measure of HRV and BPV in the low frequency band, both containing 
the variability of each of these measures. It appears that the moderate 
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reproducibility of BRS results primarily from the increased variability in BPV and less 
from HRV-LF, given that HRV-LF (in contrast to BPV) was highly reproducible.  
Many adult studies have also reported moderate reproducibility of BRS, 
with CVs of about 15% to 30% (e.g., Dawson et al. 1997, Gao et al. 2005, 
Hojgaard et al. 2005, Iellamo et al. 1996). To our knowledge, only one other study 
reported on the short-term reproducibility of supine BRS in children and 
adolescents (Rüdiger & Bald 2001). The authors concluded good reliability of supine 
BRS, although the magnitude of CVs (21% to 24%) was higher than in our study. 
One explanation for the generally lower CVs in our study compared to other 
studies may be the use of natural log-transformations on our spectral measures. By 
using log-transformations normally distributed variables may be obtained, which is 
likely to change group means and reduce variance. Indeed, in reproducibility studies, 
smaller CVs have been found in log-transformed or normalized data than in 
untransformed data (Carrasco et al. 2003,  Winsley et al. 2003).  
 
Reproducibility of standing-induced autonomic reactivity scores 
Reproducibility of standing-induced reactivity or ∆ scores was insufficient in our 
study. The general lack of reproducible ∆ scores may be best understood by the 
combination of relatively low absolute ∆ scores (or even lack of differences between 
the supine and standing positions) and accumulation of variance across the multiple 
supine and standing measurements on which the calculation of ∆ scores is based. 
This results in an overall magnitude of measurement variance that easily overrules ∆ 
scores themselves, resulting in CVs of well over 100%. 
We know of one other pediatric study that reported unsatisfactory ∆ HR 
(r=.13 to .64) and ∆ HRV-HF (r=-.08 to .40) values (using psychological stressors) 
(Doussard-Roosevelt et al. 2003). A previous review of adult literature had also 
come to the conclusion that the test-retest reliability of reactivity measurements of 
HR and SBP should be regarded worrisome (Manuck 1994). This obviously limits 
the usability of autonomic reactivity scores.  
When interpreting reproducibility findings from other studies, it is also 
important to take into account the different statistical methods. In a study of 11 four-
to-eight-year-old children, test-retest correlations of ∆ HR (r=.39, non-significant) 
and ∆ HRV-HF (r=.62, p<0.05) induced by various stressors (social, cognitive, 
emotional, and physical) were reported over a two-week period (Alkon et al. 
2003). These were of remarkably similar magnitude to ours. Based on correlational 
test-retest analyses, these authors concluded that short-term reliability of reactivity 
scores was quite strong. However, other statistical techniques (e.g., CVs, Bland & 
Altman plots) to investigate reproducibility were not given, preventing further 
comparison to our study. This again illustrates that the conclusions drawn also largely 
depend on the kind of statistical analyses involved.   
As another example, one adult study also concluded sufficient short-term 
reproducibility of changes in HRV-LF and BPV due to sympathetic stimulation 
induced by nitroglycering infusion and head-up-tilt in healthy young male volunteers 




(Cloarec-Blanchard et al. 1997). This conclusion was primarily based on Bland & 
Altman plots between both measurements, without regarding CVs as in our study, 
which complicates a direct comparison to our results. In the present study, CVs of ∆ 
scores were very high (36% to 315%), thus indicating poor-to-insufficient 
repeatability of ∆ scores. It should also be noted that sympathetic stimulation 
induced by nitroglycering infusion and head-up-tilt may have different effects than 
orthostatic challenge.  
 
Summary and Conclusions  
To summarize, we generally found satisfactory day-to-day reproducibility of a 
number of autonomic measures in 10-to-13-year-old children. HR and HRV in the 
low and high frequency band were the most reliable measures in this study, showing 
a moderate-to-high level of reproducibility in both the supine and standing positions. 
These measures may therefore be reliably used in children approaching 
adolescence. However, a different picture emerges for blood pressure variables 
(SBP, BPV) and BRS, which demonstrated moderate reproducibility in the standing 
position, but only poor-to-moderate reproducibility in the supine position. 
Therefore, small changes over time in SBP, BPV, and BRS, obtained from non-
invasive continuous blood pressure monitoring should be interpreted cautiously. 
Moreover, this study’s results caution against the interpretation of findings regarding 
autonomic reactivity (∆) to orthostatic stress.  
 
Limitations and further directions 
More studies on the reproducibility of autonomic measures in children of different 
age ranges are highly needed, also in clinical groups (Sandercock et al. 2005), and in 
response to various types of physical and psychological stressors. Future research 
could investigate whether the reliability of autonomic measurements, in particular of 
autonomic reactivity (∆ scores), may be enhanced by applying several test sessions 
which may be averaged in order to reduce random error (Kamarck & Lovallo 2003, 
Swain & Suls 1996). Also, increasing the measurement period could positively 
influence reliability; in the present study, assessment intervals might have been too 
short to reliably measure ∆ scores. Another limitation of this study may have been 
the small sample size, especially when regarding ∆ scores. Nevertheless, the 
present findings are of particular importance, considering the increasing number of 
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The studies of this thesis focused on autonomic function in a large population cohort 
of (pre)adolescents and the relationship between autonomic function and behavioral 
characteristics. The first study was undertaken to gain more insight into demographic 
and general health determinants of baroreflex sensitivity (BRS) in a large population 
cohort of (pre)adolescents. Here, we found that BRS is negatively associated with 
gender, age, and the presence of obesity. In the two subsequent studies, the 
relationship between autonomic function and both temperament and 
psychopathology was explored. So far, this had not been systematically investigated 
in large-scale samples, with studies with regard to BRS completely lacking. Results 
suggested a physiological basis promoting the tendency towards engagement in 
activities with high intensities. Moreover, it appeared that higher scores on the 
temperamental poles of activation (in both boys and girls) and inhibition (in girls only) 
are associated with increased dynamic and flexible autonomic regulation of heart 
rate (HR) and blood pressure (BP), which implicates healthy physiological 
functioning. In contrast to findings regarding temperament, externalizing and 
internalizing problems were found to be associated with divergent autonomic 
patterns, suggesting autonomic underarousal and overarousal, respectively. Finally, 
to better evaluate the findings of the first three studies, the reproducibility of a 
number of autonomic function indices was investigated in a smaller group of 
children.  
 In the following sections of this final chapter, we will first discuss the overall 
strengths and weaknesses regarding the present set of studies. This will include 
factors associated with the use of our study sample, a large general population 
cohort, in addition to a critical review of the methods we chose to assess both 
autonomic function and the behavioral characteristics. The results of the 
reproducibility study put the sometimes weak associations which we encountered in 
context and indicate that these may at least in part be understood by intrinsic 
variations of the measures. This is most salient with regard to the standing-induced 
reactivity measures. We will provide a general discussion of our main findings, 
before presenting suggestions for future research and clinical implications followed 
by the overall conclusions of our studies.  
 
 
STRENGTHS AND WEAKNESSES  
 
Study sample 
Studying a large population sample has several major advantages. It allows for the 
detection of small effects due to the high power associated with large samples. The 
use of small samples has often been put forward as an explanation for the 
inconsistent findings in the literature regarding the relationship between autonomic 
function and behavioral characteristics. In addition, using large samples facilitates the 
investigation of gender differences. So far, many studies on the link between 
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autonomic measures and behavior had focused exclusively on males. Furthermore, 
the large sample enabled us to investigate specific subgroups, i.e., children with or 
without behavioral and emotional problems early in life.  
A disadvantage of our study may have been the narrow age range of the 
participants, which limits conclusions concerning the development of autonomic 
function. Also, it is unclear whether our findings generalize to other age groups. 
However, studies in (pre)adolescents are sparse, thus, our studies provide new 
insights into autonomic function of individuals in this age range.  
Another important aspect when using a large cohort from the general 
population, is, by definition, the inclusion of a large number of subjects within the 
normal range of functioning, both with respect to autonomic and behavioral 
measures. This may have attenuated autonomic-behavioral relationships, especially 
when regarding the wide inter-individual variability in autonomic measures. 
However, studying an epidemiological sample allows for estimating the relevance of 
associations in the general population. With the exception of studies on the 
relationship between HR and externalizing psychopathology, few large-scale 
population studies on autonomic function exist in children and adolescents. Many 
previous studies have used specifically selected high-risk groups, such as younger 
brothers of adjudicated delinquents (Pine et al. 1998). It is unclear whether these 
findings also generalize to milder problems as may be found in the general 
population.  
 Finally, the cross-sectional nature of the present investigations limit the 
ability to draw causal inferences. Autonomic function may determine behavior or 
may be influenced and shaped by behavior, or both factors may have a common 
underlying cause.  
 
Autonomic measures 
A solid methodology is of vital importance for the outcome of research on 
autonomic function. Several points may have negatively influenced the reliability of 
our autonomic measurements. Compared to scientific standards, signal recording 
periods were relatively short, at least 5 minutes of continuous HR and BP 
measurements have been recommended (Task Force 1996). Particularly, the 
measurements in standing position were probably too short (2 minutes only), which 
also explains the large amount of data loss in this condition. Also, pre-measurement 
resting periods lasted a few minutes at best. On the other hand, experiences with 
this kind of measurements were good in our own laboratory, our pilot study 
indicated good usability of the cardiovascular data, and a comparable methodology 
has also been applied in previous studies (Lefrandt et al. 1999). In addition, we 
found high internal reliability of BRS in our study described in chapter 3, in which 
periods of 200 seconds of signal recordings were compared with the respective first 
and second period of 100 seconds.  
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Measurement error in autonomic scores may have also been introduced by 
performing the assessments at schools, where conditions are less standardized 
compared to a laboratory situation. For example, there was no control of room 
temperature, mealtime, and pre-assessment physical activity. Some children were 
assessed immediately after a break or the gymnastic classes. In such cases we usually 
extended the resting period for a few minutes before starting the recordings, but 
pre-measurement resting periods may nevertheless have been too short. 
Furthermore, although most assessments took place in quiet and private conditions, 
emotional and sensorial influences could not be ruled out completely. For example, 
some children had to lie on the floor in large halls with people walking around, or 
they had to lie on high, narrow tables in cramped rooms, with a group of singing 
pupils next door. Another problem during the winter season were cold hands, 
which explains some of the difficulties in BP measurements (although we always 
checked for cold hands and tried to warm them up by rubbing the hands and/or 
cover them with a piece of cloth). Thus, measurement conditions may not have 
been ideal in some cases. Still, measurements at school may have been less stressful 
than in a laboratory, since children were in an acquainted environment.  
Another source of measurement variation may have been the use of 
spontaneous instead of paced breathing (Pitzalis et al. 1996), although controlled-
breathing procedures also have been shown to have disadvantages in that these may 
affect autonomic cardiovascular control (Pinna et al. 2006). When breathing 
spontaneously, children do differ in their breathing patterns, with primary influences 
on the respiratory-based high frequency oscillations of HR (Saul et al. 1991). Still, 
the method of spontaneous breathing has found wide application and provides 
sufficiently reliable autonomic measurements, provided that individuals breath 
normally and avoid slow or irregular breathing (Pinna et al. 2006).  
Furthermore, hands were not kept at heart level, which, against our 
expectations could not entirely be controlled for by our software program assessing 
the distance between the heart and finger plethysmograph. Other sources of 
variability in autonomic scores were the wear and tear of the apparatus and the 
large number of assistants who performed and analyzed the autonomic recordings.  
Despite all these potentially disturbing influences, we found, in general, 
similar absolute autonomic values as other investigators, who also reported large 
inter-individual variability of measures of autonomic function (Tanaka et al. 1994). 
Moreover, we expected that the sample size of our population study would be large 
enough to counterbalance the possible methodological flaws and to compensate for 
random fluctuations in individual values.  
To gain better insight into the reliability of our own autonomic 
measurements and to evaluate effect sizes in our previous three studies, we 
conducted the study on short-term reproducibility in a small sample of children. 
Whereas HR and heart rate variability (HRV) were highly reproducible, BP and BRS 
were at best moderately, and standing-induced reactivity scores only poorly 
reproducible.  
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These findings should be seen in the light of the present methodology: the 
short measurement periods may have decreased reproducibility. Also, the result of 
poor reproducibility regarding standing-induced autonomic reactivity may not 
generalize to other types of stressors, such as psychological stress. In addition, the 
results regarding BP only apply to Portapres measurements, a noninvasive 
continuous BP monitoring system, known to show more variability in BP values 
compared to other methods (Tanaka et al. 1994) and therefore to be possibly less 
reproducible. Similarly, absolute values of BRS, which may serve other researchers 
or clinicians as reference, largely depend on the methods used. However, 
alternative (invasive) measurements of continuous BP or BRS may not always be 
available or applicable, certainly not in large-scale pediatric populations. Thus, the 
results of our studies are primarily relevant to investigations that use a comparable 
methodology.  
One should also bear in mind that the interpretation of the level of 
reproducibility depends on a number of, rather arbitrary, factors that may vary from 
study to study. Different cut-off points and labels have been used to categorize 
reproducibility as, for example, poor, moderate, or satisfying. In addition, 
conclusions on reproducibility depend on the kind and number of statistical methods 
involved. We aimed to thoroughly investigate reproducibility of autonomic variables, 
using several well-known, accepted methods. As becomes clear, the field could be 
greatly advanced by the use of universally accepted ways to analyze and interpret 
reproducibility of autonomic measures.  
Moreover, judging if a level of reproducibility is satisfactory, may largely 
depend on the purpose for which the autonomic measurements are used. For 
clinical applications, obviously a higher level of reproducibility of autonomic 
measures is needed than for research purposes. Here, again, interpretations of what 
is poor or good reproducibility is a matter of judgment. In cohort studies, lower 
levels of reproducibility may be counterbalanced by the use of a larger sample size, 
to outweigh the magnitude of error versus the true variability of scores in order to 
increase the power to detect effects.  
A final question is to what degree the results of the small-scale 
reproducibility study can be generalized to the large population cohort. In the 
reproducibility study, we applied principally the same methodology as in the 
population cohort, except for a few minor differences. First, in the small-scale study, 
children were asked not to participate in demanding physical exercise the day before 
the cardiovascular assessment, whereas there was no control of physical activity in 
the cohort study. Second, measurement periods in the reliability study tended to be 
a bit longer (4.5 and 3.3 minutes versus 4 and 2 minutes in the supine and standing 
positions, respectively), and third, the high frequency oscillations ranged from .15-
.50 Hz instead of .15-.40 Hz. The wider high frequency range of the reproducibility 
study may have introduced some noise to the data, which were, however, likely to 
be compensated by the longer measurements. Therefore, overall differences in 
methodology were only minor. Indeed, absolute values of autonomic variables 
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were nearly identical in both studies [except for blood pressure variability (BPV), for 
which we have no explanation]. However, autonomic variables showed much more 
variation in the population cohort, with wider ranges and much larger standard 
deviations. This may be partly understood by the increased risk of errors related to 
the cardiovascular data analyses and administration of a large number of data (e.g., 
unreliable measurements may have been falsely included). A dataset of 68 
measurements may be more easily dealt with than a dataset of more than 3,500 
measurements. Therefore, it is conceivable that the reliability of autonomic 
measures of the population sample is lower than indicated in the small-scale 
reproducibility study.  
 
Behavioral measures 
A strength of our studies on the relationship between autonomic function and 
behavioral variables was the inclusion of dimensions of both temperamental 
activation and inhibition, and both externalizing and internalizing psychopathology, 
respectively. This allowed us to study interactions between both dimensions and to 
adjust for the influence of the other. The latter may have been particularly 
important, given that both dimension may be independently related to autonomic 
function and symptoms of both behavioral dimensions often co-occur. Many 
previous studies had focused on only one type of behavior, which may have 
influenced results (Pine et al. 1996).  
 A weakness regarding the study of temperament may have been the use of 
a questionnaire that was not specifically designed to measure temperamental 
activation and inhibition. However, we chose the two basic variables of our 
instrument that were most closely related to these temperamental dimensions, i.e., 
high-intensity pleasure and shyness. We suggest that future research use the 
Behavioral Inhibition System and Behavioral Activation System (BIS-BAS) scales 
(Carver & White 1994).  
 Preschool externalizing and internalizing problems were assessed by 
retrospective parent reports on a non-validated questionnaire. Retrospective 
measures of behavioral functioning may be affected by possible reporter bias. 
Hence, conclusions based on this measure should be regarded as preliminary. 
Nevertheless, our finding that associations between autonomic function and 
externalizing and internalizing problems were specifically observed in children with 
problems retrospectively reported also to have been present at preschool age, is 
important. This has rarely been studied, our findings thus contribute to the scientific 
discussion on the relevance of early behavioral and emotional problems in relation 
to autonomic function.  
 Another point of criticism may be the reliance on parent reports as the only 
source of information, rather than on multiple informants, such as child or teacher 
reports. It has been suggested that at least older children may be better indicators of 
emotional problems than their parents. However, in our opinion, there is presently 
CHAPTER 7 General Discussion  
 
 128 
no gold standard as to which (single or multiple) informant is the most valid indicator 
of psychopathology. Given the exploratory nature of our study, we focused on 
parent reports whom we judged to be the most reliable source of information, also 
given the still young age of the participants. We also used parent reports to be in line 
with the measures used to assess early problems.  
 Finally, our investigations with regard to temperament and psychopathology 
may be complicated by the fact that both the constructs of temperament and 
psychopathology are closely related (Nigg 2006) and that we did not adjust for the 
influence of the other. However, we preferred to first study each variable in its own 
right, given the inconsistencies in the literature regarding the relationship between 
autonomic function and respectively temperament and psychopathology.  
 
 
DISCUSSION OF MAIN FINDINGS  
 
Autonomic function in association with temperament and 
psychopathology  
In the following, we will focus on the integration of our findings on autonomic 
function in relation to both temperament and psychopathology. Within each, we 
were interested to find specific autonomic profiles to be associated with the 
dimensional poles, i.e., temperamental activation versus temperamental inhibition, 
and externalizing versus internalizing psychopathology. We also wanted to explore 
whether autonomic patterns would distinguish between temperament and 
psychopathology. For example, temperament might be associated with increased 
vagal activity and psychopathology with decreased vagal activity, since temperament 
has been associated with ‘healthy’ and psychopathology with ‘abnormal’ 
psychological functioning.         
 The hypothesis that temperamental activation and temperamental inhibition 
would be characterized by clearly different autonomic profiles could not be 
confirmed. The most convincing evidence for an association between temperament 
and autonomic function was found for temperamental activation, which was defined 
as high-intensity pleasure (i.e., pleasure derived from activities involving high intensity 
or novelty). Our study provides new evidence for autonomic underarousal (as 
indicated by a lower HR) in (pre)adolescents with a pleasure-seeking temperament; 
only a few earlier studies have reported on this before (Scarpa et al. 1997, Raine et 
al. 1997, Zuckerman 1990). Theoretically, this association may also be explained by 
the link between temperamental activation and externalizing problems (Leve et al. 
2005, Raine 1996, Raine et al. 1998), in that aggressive or rule-breaking individuals 
may be characterized by a pleasure-seeking temperament. Our study forms a good 
starting point for future research that could concurrently analyze both temperament 
and psychopathology in relation to autonomic function.  
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In chapter 4, we suggested that the observed higher resting RSA and BRS 
(indices of vagal activity) in relation to temperamental activation may reflect a healthy 
behavioral style, referring to the ideas of Porges and others (Beauchaine 2001, 
Porges et al. 1996, Thayer & Brosschot 2005). The study of temperament could be 
particularly well-suited to investigate this proposition, since temperament is, at least 
in theory, assumed to largely reflect normal functioning as compared to 
psychopathology. However, our study on psychopathology also demonstrated a 
higher RSA and BRS associated with externalizing problems. Thus, increased vagal 
activity appears not to be exclusively associated with temperament, but also with 
psychopathology. This is quite surprising, considering the general evidence for 
decreased vagal activity associated with externalizing psychopathology in the 
literature (Beauchaine et al. 2001, Mezzacappa et al. 1997, Pine et al. 1998), 
although a few studies have also shown a higher RSA related to externalizing 
psychopathology, in population-based, non-high-risk samples (Scarpa & Ollendick 
2003, Slobodskaya et al. 1999).  
In chapter 5, we extensively discussed the rather new finding of increased 
RSA and BRS in relation to externalizing problems, for which no immediately 
evident explanations are available. To follow the line of reasoning of Porges, 
externalizing problems as measured in our study in (pre)adolescents would be 
associated with adaptability to meet environmental demands, or, to put it short, 
would be ‘adaptive or represent well-functioning’. This description appears 
counterintuitive at first sight, given that behavior problems are supposed to 
represent psychological (and therefore possibly also physiological) abnormality. 
However, Porges’ ideas fit well with the notion that individuals with externalizing 
behavior primarily do not experience problems themselves (to a certain degree, of 
course), but that it is the environment that suffers most from such behaviors. Thus, 
in a way, being (mildly) aggressive or behaving in a rule-breaking manner may be an 
adaptive behavioral style. This may specifically be true for girls, as the present finding 
primarily applied to girls. Taken together, increased vagal activity is not specifically 
associated with temperamental activation, but also with externalizing 
psychopathology.  
In contrast to our expectations, temperamental inhibition was not 
associated with HR and RSA, but, remarkably, with increased BRS, if only in girls. 
We pointed out that shyness in girls appears to be characterized by a well-
functioning autonomic regulation system. This finding is rather intriguing and has, to 
our knowledge, not been reported before. We suggested that shyness might be a 
physiologically adaptive trait, which would fit to typical gender roles, in that shyness 
may be considered a normal, adaptive characteristic in girls but not in boys. 
Inhibition typically has been associated with a higher HR and lower vagal activity, 
which we indeed found in (pre)adolescents with internalizing problems. This 
autonomic pattern might indicate autonomic overarousal and increased stress 
vulnerability (Porges 1992, Porges 1995). Thus, with respect to inhibition, there was 
a clear difference in autonomic function between measures of temperament and of 
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psychopathology, which does support the idea that both are characterized by 
specific autonomic profiles. This might be explained by differences in severity of 
inhibited behavior, but might also result from differences in the definition of both 
temperament and psychopathology in our study. Shyness specifically referred to 
social anxiety, whereas the broad-band dimension of internalizing problems included 
anxiety, depression, and physical symptoms.  
 Overall, inter-relationships between the autonomic measures and 
behavioral indices were coherent. For example, a lower HR can be understood as a 
consequence of increased vagal influences on the heart (as measured by resting RSA 
or BRS), whereas a higher HR may be explained by reduced vagal influences 
(Beauchaine 2001). These patterns were found across all behavior dimensions, with 
the exception of temperamental inhibition that was only related to increased BRS. 
We did not always find associations of the behavioral parameters with both RSA and 
BRS, which may result from the fact that, although these measures are highly 
correlated, they do not represent identical autonomic processes.  
In conclusion, we found evidence for specific autonomic profiles in 
association with both dimensional poles of psychopathology (i.e., externalizing 
versus internalizing), but not of temperament (i.e., activation versus inhibition). 
Moreover, autonomic patterns did not clearly distinguish between temperament 
and psychopathology. Autonomic profiles of temperamental activation mirrored 
those of externalizing psychopathology, whereas autonomic patterns of 
temperamental inhibition differed from those of internalizing problems. Thus, 
overall, the relationships between autonomic function and behavioral variables 
appear complex, but still coherent.  
 
Understanding the strength of relationships – taking both 
reproducibility and the use of a population cohort into account  
Finally, it is important to integrate our findings on demographic and behavioral 
variables with those of the reproducibility study in chapter 6. The reported small 
effect sizes or even lack of significant associations between autonomic function and 
demographic or behavioral variables might in part be explained by low 
reproducibility of autonomic measures. Indeed, autonomic reactivity scores showed 
insufficient test-retest reliability; hence, the non-significant results regarding 
autonomic reactivity and temperament as well as psychopathology are not 
surprising. Furthermore, the poor-to-moderate reproducibility of supine BRS 
explains the lower effect sizes of BRS compared to RSA, and perhaps also a few 
non-significant results.  
However, despite the good reproducibility of HR and RSA, effect sizes of 
HR and RSA were small in our behavioral studies. In other words, these cannot be 
explained by a low level of reproducibility. Other factors may play a role in 
understanding the small effects, such as the large inter-individual variability in 
autonomic scores, in combination with the generally low level of extreme behavioral 
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measures. Preadolescence can be considered a phase in children’s development in 
which the influence of temperament on current behavior is relatively small when 
compared to a younger age, and major psychiatric symptomatology is yet to 
emerge. In this respect, the role we found for early present problems as described 
in chapter 5 is most interesting. Irrespective of the participants’ age, levels of 
psychopathology in a population cohort are low. This also raises the question as to 
the relevance of our findings in the general population. Associations between 
autonomic function and behavior do not appear to be of major importance from an 
epidemiological perspective. Possibly, investigating the relationship between 
autonomic function and behavioral characteristics (or psychopathology) in clinical or 
high-risk samples would result in a more fruitful approach, with larger effect sizes to 
be found.  
Also, the behavioral measures themselves include a certain amount of 
measurement unreliability. It is furthermore important to notice that behavioral 
characteristics are likely to be associated with a variety of environmental and 
biological factors, of which autonomic function is just one aspect. In general, 
associations between autonomic function and behavioral characteristics have been 
found to be small in the literature (between 1-7% in psychophysiological research).   
 
Baroreflex sensitivity – worth the effort for behavioral studies in 
children and adolescents?  
BRS is a sensitive measure of the balance of sympathetic and parasympathetic activity 
and provides insights into the function of an important regulatory mechanism of the 
autonomic nervous system, that of short-term BP control. HRV is determined 
largely by two main functions, respiration and baroreflex control. Thus, baroreflex 
function lies on the base of HRV. Also, BRS describes the transfer function between 
HRV and BPV. Therefore, BRS is a more sophisticated autonomic measure than 
HRV. Furthermore, a reduced BRS has been found to be a valuable predictor of 
future cardiovascular health (La Rovere et al. 1998) and has also been related to 
psychological functioning (Broadley et al. 2005, Watkins et al. 1999). These 
considerations stress the relevance of BRS.  
However, when considering our overall results on BRS in relation to 
temperament and psychopathology, the question rises how worthwhile 
measurements of BRS are in children and adolescents. Based on associations with 
BRS, behavioral parameters did not turn out to be related to autonomic dysfunction. 
Rather, a higher BRS was associated with temperamental activation and inhibition, 
and with externalizing problems, mostly in girls. The meaning of a higher BRS is not 
exactly clear. Should this be interpreted as an indication of better autonomic 
function, as we did in the chapters 4 and 5, or should we be mainly interested in 
(reduced) BRS as an indicator of autonomic dysfunction?  
Another problem lies in the uncertainty of the autonomic background of 
BRS. A higher resting BRS has been generally interpreted in terms of increased 
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parasympathetic activity, although, strictly speaking, BRS also reflects sympathetic 
activity. Thus, the interpretation of BRS is complicated by the fact that it is a measure 
of sympathovagal balance. Available theories in psychophysiology are primarily 
concerned with either sympathetic or parasympathetic autonomic function (e.g., 
arousal theory, vagal brake theory). Hence, it is difficult to place BRS in existing 
theoretical frameworks. In this respect, investigating specific measures of sympathetic 
or parasympathetic activity (e.g., electrodermal responses, pre-ejection period, RSA) 
might be a better choice than assessing BRS, especially when resources are limited, 
given that BRS assessments are very time consuming and expensive. A final issue of 
concern is the at best moderate reproducibility of BRS.  
In conclusion, when deciding on whether or not to investigate BRS in 
relation to psychological functioning, possible advantages and disadvantages of BRS 
measurements should be carefully considered.  
 
Autonomic reactivity to orthostatic stress – relevant in association 
with psychological functioning?  
We did not find an association between autonomic reactivity induced by orthostatic 
stress and both temperament and psychopathology. Several considerations, 
discussed in chapter 5, led to the inclusion of orthostatic challenge as a measure of 
stress in this thesis, instead of psychological stressors (such as mental tasks or public 
speaking), which are commonly applied in psychophysiological research. During the 
setup of the study, the primary idea to include orthostatic stress was to gain more 
insight into autonomic regulation and adaptation (Pagani & Malliani 2000). 
Challenging situations might be better suited to find meaningful relationships than 
static ones. For example, a low BRS reactivity (i.e., a limited decrease in BRS upon 
standing, where normally a large decrease would be expected) could point to 
defects in autonomic function. In the medical field and in basic physiological science, 
the orthostatic stress test is a well-established measure of autonomic function.  
 However, from a psychologists’ point of view, the main interest is in 
autonomic reactions to psychologically stressful situations. Theoretically, autonomic 
hyper-reactivity to psychologically stressful situations (i.e., increased stress 
responses) could be an important etiological factor to explain psychiatric, and 
perhaps also cardiovascular diseases (e.g., cardiovascular reactivity hypothesis; 
Matthews et al. 2006, Potempa 1994). However, emotionally neutral, physical 
challenges such as standing obviously do not trigger a psychologically stressful 
response. In addition, as previously discussed, measures of autonomic reactivity 
were not reproducible in our study.  
Thus, given theoretical concerns, poor test-retest reliability, and the lack of 
significant associations with behavioral parameters regarding standing-induced 
autonomic reactivity, in our opinion, this measure is of limited use for studies on 
psychological functioning.  
 





Future research could focus on clinical or specific high-risk populations, which are 
likely to be characterized by more severe psychopathology compared to population 
cohorts and in which larger associations between autonomic function and behavioral 
characteristics might be found. High-risk populations might include children who 
have experienced extensive or long-standing externalizing or internalizing problems, 
which may have begun already early in life. Also, different age ranges may be 
interesting to investigate (e.g., during ‘vulnerable’ periods, such as toddlerhood or 
adolescence), given that these may be associated with more variance in behavioral 
characteristics and more extreme behaviors.   
Furthermore, measures of psychological stress (e.g., public speaking) as well 
as indices of sympathetic autonomic activity (e.g., electrodermal responses) could be 
included to investigate individual differences in stress reactivity, which might 
predispose to the development of psychopathology. It would also be interesting to 
gain a better understanding of concurrent sympathetic and parasympathetic activity. 
Finally, future studies on autonomic function (especially regarding BP indices and 
BRS) might be aimed at increasing reproducibility and therefore effect sizes by 
measuring longer periods of time, averaging repeated measurement sessions, or 
exerting tighter control of external variables (e.g., exercise) that may negatively 
influence reproducibility (Kamarck & Lovallo 2003, Swain & Suls 1996). 
As a follow up to our first study on demographic and general health 
determinants of BRS, we suggest that longitudinal studies should investigate the 
development of baroreflex regulation from childhood and adolescence to adulthood 
and provide normal values of BRS at different ages. Also, reduced BRS associated 
with obesity warrants further investigation as a possible predictor of cardiovascular 
health.  
Although many of our findings on the association between autonomic 
function and behavioral characteristics were in line with current theories (Porges et 
al. 1996, Raine 2002, Zuckerman 1990), some of our results added to the 
inconsistencies in the literature. Despite the use of a large sample, non-significant 
results of HR and RSA in relation to temperamental inhibition (i.e., shyness) were 
found, which cannot easily be explained. In addition, replication of our result of an 
increased BRS associated with temperamental inhibition (in girls) is needed. The use 
of well-established measures of temperamental activation and inhibition, such as the 
BIS-BAS scales (Carver & White 1994) may lead to more consistent results.  
 Our study on psychopathology in chapter 5 pointed to the interesting 
relationship between increased vagal activity and externalizing problems. We 
suggested that vagal activity may be related to the severity or type of externalizing 
problems. Future research is needed to more fully understand this relationship, for 
example, in clinical versus healthy cohorts, or by investigating proactive versus 
reactive aggression.  
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Future research might investigate prospective relationships between 
autonomic function and behavioral characteristics. Our finding of an autonomic 
profile consisting of a higher HR and lower vagal activity in preadolescents with 
internalizing problems might indicate autonomic dysfunction and increased 
autonomic arousability or stress sensitivity (Porges 1992, Porges 1995). This profile, 
whether or not in relation to current internalizing problems may be associated with 
increased risk for future anxiety disorders or depression (Kagan & Snidman 1999). 
Longitudinal studies could investigate this. Likewise, it would be interesting to study 
autonomic function as a predictor of future externalizing disorders, such as attention 
deficit hyperactivity or conduct disorder.  
 Prospective studies are also needed to confirm our preliminary evidence 
that current associations between autonomic function and externalizing and 
internalizing problems are primarily found in children with problems that have been 
reported to be also present early in life. Children with early behavioral and 
emotional problems might be particularly vulnerable to deviant autonomic function 
and the development of psychopathology.  
 
 
CLINICAL IMPLICATIONS  
 
Knowledge of normal BRS in children and adolescents may be of use as a reference 
to the pediatrician interested in abnormal baroreflex control in this age group. 
Moreover, from the perspective of reliability, our results suggest HR and HRV to be 
the most reliable measures for application in clinical practice.  
The results of our studies regarding temperament and psychopathology 
might offer clinicians and parents a neurobiological framework for understanding 
temperamental differences between children, as well as children’s externalizing and 
internalizing problems. An autonomic profile of reduced HR and increased RSA (as 
an index of vagal activity) may indicate a lower level of autonomic arousability or 
stress sensitivity, which may promote the tendency towards engagement in activities 
with high intensities and facilitate risk-taking and disruptive behaviors. An autonomic 
profile of increased HR and decreased RSA may reflect a higher level of autonomic 
arousability or stress sensitivity, which may play a role in behavioral withdrawal.  
 
 
CONCLUDING REMARKS  
 
The present thesis has shown that research involving autonomic measures in 
relation to psychological functioning identifies intriguing associations, which, 
however, cannot be unambiguously interpreted. Our main purpose was to shed 
more light on the inconsistencies in the literature, which were mostly based on 
small, non-representative samples. Some of these inconsistencies have indeed been 
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cleared. It now appears plausible that internalizing problems are associated with an 
increased HR and decreased vagal activity. However, new questions have emerged 
and other remained unanswered. For example, whether temperamental inhibition is 
related to increased HR and decreased vagal acitivity as suggested in the literature is 
still not clear. Also, the importance of increased vagal activity in association with the 
activation-externalizing dimension and temperamental inhibition remains to be 
determined. Vagal activity appears to be a non-specific marker of behavioral 
characteristics, as already previously acknowledged (Beauchaine 2001). Despite 
these complexities, overall, it may be concluded that autonomic function is 
associated with temperament and psychopathology. Ultimately, the identification of 
biological correlates of temperament and psychopathology may further our 
understanding of the etiology of mental disorders (Whittle et al. 2006) and facilitate 
early risk detection and prevention of psychopathology in youth. In addition, the 
present findings may be an interesting starting point for genetic studies.  
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Hoofdstuk 1  
 
Dit proefschrift onderzoekt de functie van het autonome zenuwstelsel in een 
bevolkingscohort (pre)adolescenten. Onderzoek naar biologische correlaten van 
gedragskenmerken kan belangrijke informatie geven over de ontstaanswijze van 
gedragskenmerken en -problemen. Autonome maten zoals hartslagfrequentie (heart 
rate, HR) en hartslag variabiliteit (heart rate variability, HRV) zijn in eerder 
onderzoek in verband gebracht met diverse psychosociale variabelen, waaronder 
temperament en psychopathologie. De bevindingen in de bestaande literatuur zijn 
echter niet consistent, wat deels verklaard kan worden uit het gebruik van kleine of 
niet-representatieve steekproeven. Tot nu toe zijn grote bevolkingsonderzoeken 
naar de relatie tussen autonome maten en gedragskenmerken schaars en is de 
betekenis van gevonden verbanden in de algemene bevolking niet goed bekend. In 
verband hiermee hebben we de functie van het autonome zenuwstelsel op drie 
belangrijke gebieden van functioneren in een groot bevolkingscohort (N=1.868) 
van tien- tot dertienjarige (pre)adolescenten onderzocht. In het eerste onderzoek, 
beschreven in hoofdstuk 3 hebben we verbanden tussen  autonome maten en 
zowel demografische variabelen (zoals geslacht en leeftijd) als algemene 
gezondheidsparameters (zoals lichaamsgewicht en lichamelijke activiteit) onderzocht. 
Hierna volgen twee onderzoeken naar het verband tussen autonome functie en 
respectievelijk temperament en psychopathologie. Tenslotte wordt in hoofdstuk 6 
een onderzoek naar de reproduceerbaarheid van diverse belangrijke autonome 
maten in een kleinere groep van (pre)adolescenten (N=17) beschreven. Dit stelt 






In hoofdstuk 2 wordt achtergrondinformatie met betrekking tot de functie en 
structuur van het autonome zenuwstelsel gegeven. Ook worden de autonome 
maten die in de verschillende studies aan de orde komen beschreven, evenals 
methodologische aspecten.  
Het autonome zenuwstelsel bestaat uit twee takken, het sympathische en 
parasympathische zenuwstelsel. De sympathische arm heeft als functie het 
mobiliseren van energie om het lichaam te voorzien in de toegenomen 
metabolische behoeftes die ontstaan gedurende activiteit of stressvolle, uitdagende 
situaties. Het sympathische systeem verhoogt onder meer de hartslagfrequentie en 
de bloeddruk. De parasympathische tak bevordert de gezondheid via herstel en rust 
na activiteit en heeft zodoende een homeostatische functie. Activiteit van het 





De eenvoudigste en wellicht meest bestudeerde autonome maat in de 
psychofysiologie is HR. HR is een balansmaat voor zowel sympathische als 
parasympathische activiteit. In ons onderzoek is daarnaast de HRV aan de hand van 
spectraal analyse bepaald. Spectraal analyse deelt een HR of bloeddruk (blood 
pressure, BP) spectrum op in onderliggende golven die verschillen in amplitude 
(sterkte) en frequentie. De twee belangrijkste frequentiebanden zijn de lage band (in 
het Engels low frequency, LF, 0.04-0.15 Hz) en de hoge band (high frequency, HF, 
0.15-0.40 Hz). De lage band weerspiegelt zowel sympathische als 
parasympathische activiteit, terwijl de hoge band met name parasympathische 
(vagale) activiteit reflecteert. Omdat de hoge band gerelateerd is aan de ademhaling, 
wordt de HRV in deze band ook vaak ‘respiratoire sinus arrhythmie’ (RSA) 
genoemd. Als derde belangrijke autonome maat is de baroreflex gevoeligheid 
(baroreflex sensitvity, BRS) gemeten. De BRS is een indicator voor de kwaliteit van 
de korte termijn bloeddruk regeling en reflecteert zowel parasympathische als 
sympathische activiteit. De BRS wordt in de volgende sectie nader toegelicht. De 
metingen vonden liggend en staand plaats. Bovendien is het verschil tussen beide 
houdingen berekend, wat aangeduid wordt met ‘reactiviteit’ op basis van 
orthostatische stress.  
In onze eerste studie in hoofdstuk 3 ligt de focus alleen op de BRS, omdat 
deze parameter nog nauwelijks is bestudeerd in kinderen. In de hoofdstukken 4 en 
5 ligt het accent op HR, RSA en BRS, waarvan zowel een liggende als reactiviteit 
meting is bepaald. Het laatste hoofdstuk gaat in op een groter aantal autonome 
variabelen, namelijk de HR, HRV-LF, HRV-HF (of RSA), systolische BP, bloeddruk 




Hoofdstuk 3  
 
Hoofdstuk 3 beschrijft een studie naar de BRS in een groot populatie cohort van 10- 
tot 13-jarige (pre)adolescenten. BRS is een geavanceerde maat voor de kwaliteit van 
de korte termijn bloeddrukregeling en heeft in de afgelopen jaren toenemend 
aandacht gekregen als sensitieve index voor zowel sympathische als 
parasympathische autonome activiteit. Een verlaagde BRS, die in rust met name 
parasympathische activiteit weerspiegelt, is een belangrijke voorspeller van hart- en 
vaatziekten bij volwassenen. Daarnaast is bij volwassenen een verlaagde BRS 
gevonden in samenhang met psychopathologie, zoals stemmings- en 
angststoornissen. Onderzoek naar BRS bij kinderen is tot nu toe relatief zeldzaam. 
BRS is bij kinderen wel onderzocht in relatie tot syncope, diabetes mellitus, 
hartziekten of kanker. Slechts een studie in kinderen heeft een relatie tussen BRS en 
gedragsproblemen aangetoond, namelijk een lagere BRS bij impulscontrole 




autonoom disfunctioneren in relatie tot verschillende ziektebeelden en gedrags- of 
emotionele problemen. Echter, een noodzakelijke voorwaarde is kennis te hebben 
van normale BRS waarden uit de algemene bevolking. Het huidige onderzoek 
beschrijft normale BRS waarden in 10- tot 13-jarige (pre)adolescenten die kunnen 
dienen als referentie voor andere onderzoekers of clinici, mits er sprake is van een 
vergelijkbare methodologie, daar absolute BRS waarden in grote mate afhangen van 
de gebruikte meetmethode. Een tweede doel van onze studie was het in kaart 
brengen van demografische variabelen en gezondheidsparameters in relatie tot de 
BRS, namelijk leeftijd, puberteit, geslacht, lichaamsgewicht (onderverdeeld in 
normaalgewicht, overgewicht en obesitas) en het niveau van lichamelijke activiteit. 
De studie liet zien dat BRS een negatief verband vertoont met het vrouwelijke 
geslacht, leeftijd en obesitas. Dit is de eerste studie die deze verbanden ook bij 
kinderen aantoont en niet alleen bij volwassenen. De gevonden relatie tussen BRS 
en obesitas is belangwekkend, omdat dit mogelijk een predictor voor 
cardiovasculaire aandoeningen zou kunnen zijn. Nader onderzoek is nodig om dit 
aan te tonen.  
 
 
Hoofdstuk 4  
 
Doel van de studie in hoofdstuk 4 was het onderzoeken van de relatie tussen 
autonome functie en temperament. Temperament verwijst naar individuele 
verschillen in gedrag, emotie en motivatie. Verondersteld wordt dat temperament 
een neurobiologische basis heeft; dit maakt een relatie tussen autonome functie en 
temperament aannemelijk. Ook gezien de relatie tussen temperament en 
psychopathologie is het interessant om biologische correlaten van temperament te 
onderzoeken. Er bestaan veel verschillende definities van temperament, maar veelal 
worden twee basisdimensies onderscheiden, namelijk activatie en inhibitie. Activatie 
verwijst naar open, toegankelijk en extravert gedrag, inhibitie omvat vermijdend, 
teruggetrokken en introvert gedrag. Deze beide polen zijn in dit onderzoek 
gedefinieerd als ‘high-intensity pleasure’ (de neiging deel te nemen en plezier te 
beleven aan avontuurlijke activiteiten zoals berg klimmen of diepzeeduiken) versus 
‘shyness’ (verlegenheid, sociale angst voor onbekende personen en situaties).  
Er was nog weinig onderzoek naar de autonome correlaten van activatie 
gedaan, en de bestaande literatuur met betrekking tot inhibitie is niet eenduidig. Ons 
onderzoek had daarom vooral een explorerend karakter. Enerzijds kon er op grond 
van eerder onderzoek verwacht worden dat beide polen een tegengesteld 
autonoom profiel laten zien, namelijk dat activatie gerelateerd is aan autonome 
hypoarousal (lagere HR) en verhoogde vagale activiteit (hogere RSA en BRS 
rustmeting) en inhibitie aan autonome hyperarousal (hogere HR) en verlaagde 
vagale activiteit (lagere RSA en BRS rustmeting). Anderzijds lijkt het aannemelijk dat, 




een verhoogde vagale activiteit. Volgens Porges bevordert een verhoogde vagale 
activiteit de fysiologische flexibiliteit en het aanpassingsvermogen aan de omgeving, 
wat ook zijn neerslag zou hebben op adaptief gedrag.  
Ons onderzoek heeft geen duidelijk verschillend autonoom profiel tussen 
activatie en inhibitie laten zien, maar geeft steun aan de theorieën van Porges. 
Activatie bleek gerelateerd aan een verlaagde HR en een verhoogde RSA en BRS. 
Inhibitie was, althans in meisjes alleen gerelateerd aan een verhoogde BRS. 
Autonome reactiviteitsscores op basis van orthostatische stress hingen in het geheel 
niet samen met beide temperament dimensies. De resultaten duiden erop dat 
hogere scores op beide temperament polen samenhangen met een verhoogde 
dynamische en flexibele autonome regulatie, wat gezond fysiologisch functioneren 
impliceert. Daarnaast duiden de bevindingen met betrekking tot activatie op 
autonome hypoarousal. Mogelijk bevordert dit de tendentie om spannende 
activiteiten te ondernemen, doordat er waarschijnlijk minder fysiologische opwinding 
door het individu wordt ervaren en hierdoor gedrag minder afgeremd wordt.  
 
 
Hoofdstuk 5  
 
In dit hoofdstuk is de relatie tussen autonome functie en psychopathologie in een 
populatie cohort (pre)adolescenten onderzocht. De nadruk lag op de twee 
onderliggende hoofddimensies van psychopathologie bij kinderen en jeugdigen, te 
weten externaliserende (agressie, delinquentie) en internaliserende (angst, 
depressie, lichamelijke klachten) problemen. Een verlaagde HR in samenhang met 
externaliserende problemen is een van de best onderbouwde biologische 
correlaten van gedrag bij kinderen en jeugdigen. Dit verband wordt vaak verklaard 
met de ‘arousal’ of ‘fearlessness theory’; hypoarousal of gebrek aan angst zou 
kunnen leiden tot sensatiegericht, risicovol en verstorend gedrag. De bestaande 
literatuur is echter minder eenduidig met betrekking tot andere relaties tussen 
autonome functie en beide gedragsdimensies. Er is steun voor een hogere HR in 
relatie tot internaliserende problemen, maar er zijn ook veel onderzoeken die geen 
verband tussen beide hebben gevonden. Een verhoogde HR zou kunnen wijzen op 
autonome hyperarousal. Verondersteld wordt dat gedrags- en emotionele 
problemen samenhangen met autonome disregulatie wat tot uitdrukking kan komen 
in een verminderde vagale activiteit (RSA, of BRS rustmeting). Hoewel de meeste 
literatuur inderdaad wijst op een verlaging van vagale activiteit in relatie tot 
externaliserende en internaliserende problemen, is er ook verhoogde vagale 
activiteit gevonden bij externaliserende problemen, met name in populatie studies. 
Samenvattend is er vanuit de beschikbare literatuur nog veel onduidelijkheid over de 
relatie tussen autonome functie en gedrags- en emotionele problemen.  
 De resultaten van ons onderzoek gaven duidelijk tegengestelde autonome 




en hogere RSA en BRS, terwijl internaliserende problemen geassocieerd waren met 
een hogere HR en lagere RSA en BRS. Deze profielen wijzen op respectievelijk 
autonome hypoarousal en hyperarousal. Daarnaast hebben we gevonden dat 
problemen die op zowel kleuter- (gemeten via retrospectieve ouder vragenlijsten) 
als (pre)adolescente leeftijd aanwezig waren, sterkere samenhangen met autonome 
maten vertonen dan problemen die niet al op jonge leeftijd aanwezig waren. 
Kinderen die al op vroege leeftijd gedrags- of emotionele problemen vertonen 
zouden derhalve mogelijk extra gevoelig kunnen zijn voor autonome disregulatie, en 
mogelijk ook latere psychopathologie. Prospectief onderzoek is nodig om deze 
interessante, preliminaire bevinding te onderbouwen.  
  
 
Hoofdstuk 6  
 
In dit hoofdstuk staat een onderzoek beschreven naar de korte termijn 
reproduceerbaarheid van verschillende autonome maten. Deze studie heeft als doel 
om de sterkte van verbanden die in de eerdere hoofdstukken aan de orde kwamen 
beter te kunnen evalueren. De gevonden kleine effect groottes zijn mogelijk te 
verklaren uit een geringe test-hertest betrouwbaarheid van de autonome maten. 
Daarnaast is deze studie een waardevolle indicatie voor de reproduceerbaarheid 
van autonome parameters voor andere onderzoekers of clinici, mits deze een 
vergelijkbare methodologie gebruiken als in het huidige onderzoek. Ondanks het 
veelvuldige gebruik van autonome variabelen in medisch en psychofysiologisch 
onderzoek of de praktijk, zijn er slechts weinig studies naar de test-hertest 
betrouwbaarheid van autonome parameters in kinderen. Ons onderzoek geeft aan 
dat HR en HRV in hoge mate reproduceerbaar zijn en daarom ook geschikt voor 
toepassing in de klinische praktijk. Daarentegen was de reproduceerbaarheid van 
systolische BP, BPV en BRS, met name in de liggende houding, slechts laag tot 
gemiddeld. Dit betekent dat kleine verschillen tussen herhaalde metingen van deze 
parameters voorzichtig geïnterpreteerd dienen te worden, gezien de grote variatie 
van scores over de tijd. Tenslotte heeft onze studie laten zien dat reactiviteit scores 
(d.w.z. het verschil tussen de liggende en staande houding) als maat voor 
orthostatische stress slechts in geringe mate reproduceerbaar zijn. Dit kan begrepen 
worden uit de accumulatie van onbetrouwbaarheid van twee afzonderlijke 




Hoofdstuk 7  
 
In dit afsluitende hoofdstuk hebben we de hoofdbevindingen van dit proefschrift 




punten van de studies in dit proefschrift, onder meer met betrekking tot voor- en 
nadelen van het gebruik van een groot bevolkingscohort en methodologische 
aspecten van de autonome- en gedragsmetingen.  
Vervolgens hebben we de bevindingen betreffende de relatie tussen 
autonome functie en zowel temperament als psychopathologie geïntegreerd. Het 
valt op dat er geen simpel onderscheid in termen van autonome functie gemaakt 
kan worden tussen temperament en psychopathologie. Het autonome profiel bij 
een actief temperament lijkt op dat van het profiel gevonden bij externaliserende 
psychopathologie, terwijl het autonome profiel bij een geremd temperament 
duidelijk anders bleek dan dat bij internaliserend gedrag.   
De resultaten van het onderzoek naar de reproduceerbaarheid van 
autonome maten plaatst de grotendeels zwakke verbanden die we hebben 
gevonden in context. De kleine effecten kunnen voor een deel verklaard worden uit 
de aanzienlijke intrinsieke variatie van autonome maten. Daarnaast gaan we in op de 
vraag of grotere verbanden kunnen worden verwacht in klinische patiënten bij wie 
duidelijk sprake is van psychopathologie. Bovendien plaatsen we kritische 
kanttekeningen bij het onderzoeken van de baroreflex gevoeligheid (BRS) bij 
kinderen en jeugdigen en het gebruik van orthostatische reactiviteitsmaten in relatie 
tot gedragskenmerken. Tenslotte geven we suggesties voor mogelijk 
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Laura van der Tuin-Batstra, Marieke de Groot en Martine Buist-Bouwman. Esther 
en Ellen, ik vind het prachtig dat ik de kneepjes van het vak van neuropsycholoog bij 
jullie kan leren; Ellen, ik wens je nog heel veel succes met je eigen promotie (en 
hopelijk een publicatie in BMJ)! Laura, bedankt voor de vele bekertjes koffie en thee, 
en dat ik altijd de lekkerste Chuppa-chups mocht kiezen! Dank ook aan de leden 
van de schrijfclub (Agnes Brunnekreef, Catharina Hartman, Karlien, Martine en 
Tineke) voor jullie inspirerende bijdrage! Aan het secretariaat Martha Messchendorp 
en Liesbeth Lindeboom, en ook Sietse Dijk niets dan dank; Martha, bedankt voor 
het invoeren van grote hoeveelheden (niet zo spannende) notities in excel. Sietse, ik 
weet niet hoe je het telkens voor elkaar hebt gekregen, ik hoefde maar een verzoek 
bij je in te leveren en je stond alweer klaar met een hele stapel artikelen, 
wonderbaarlijk!      
Agnes, ik ben heel blij dat wij bijna tegelijkertijd de eindsprint hebben 
gehaald en dat we onze zieleroerselen wat betreft het voltooien van ons proefschrift 
(op een luchtige manier) hebben kunnen delen. Ik denk met heel veel plezier terug 
aan onze speciale lunches! Jouw humoristische kijk op dingen heeft mij altijd weer 
frisse moed gegeven, heel veel dank hiervoor. Ik zie uit naar een geslaagde 
samenwerking bij Accare.  
Op deze plaats wil ik ook mijn bijzondere blijdschap tonen aan Prof.dr. R.B. 
Minderaa. Ruud, heel veel dank dat je me de kans biedt mij op wetenschappelijk 




Lieve familie, vrienden en kennissen, dank voor jullie interesse, steun en 
begrip, vooral in de afgelopen tijd. Ik verheug me op toekomstige ‘paren’ 
weekenden, bezoekjes of zelfs vakanties nu er geen proefschrift meer geschreven 
moet worden! Mama, Danke für deine Unterstützung und dafür dass du mich 
überzeugt hattest die Realschule zu besuchen, wodurch der Grundstein gelegt 
wurde für die heutige Doktorarbeit! Jürgen, Danke dafür dass du mich hast lachen 
lassen mit deinem Witz und Humor (unsere ‘Konversationen in volkstümlicher Art’)! 
Papa en Eke, ich vermisse euch, jullie zijn altijd in mijn hart.       
 Pieter, mein Chef, in jouw dankwoord van je proefschrift hoopte je iets voor 
mijn promotie te kunnen betekenen. Alle woorden schieten tekort te beschrijven 
wat je voor mij hebt betekend en ook nu nog betekent! Ich finde es phantastisch 
dass du immer an mich geglaubt und immer hinter mir gestanden hast! Ich hoffe 
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